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Abstract 
Background 
Significant vision impairment caused by uncorrected distance or near vision (at a level 
defined by The World Health Organization as a disability) affects over 600 million people 
globally (9% of the world’s population).  Over 3.5 billion people (52% of the world’s 
population) need some form of vision correction to see clearly.  By 2020, this number is 
projected to reach 6.1 billion, 66% of the world’s population.  Vision impairment is an important 
issue affecting the everyday lives of these 3.5 billion people worldwide.  Two thirds of those 
affected live in the less developed world where the majority do not have easy access to eye care, 
eye examinations and affordable spectacles. 
Purpose 
If an ametrope or presbyope pricks a small hole into a leaf, piece of paper or cardboard 
and looks through it, he or she will usually experience improved acuity providing there is no 
central cataract or any ocular pathology.  Rural communities, who have no access to eye-care or 
vision specialists, with vision problems, may benefit from looking through a pinhole while 
looking far and near.  Many who are longsighted or presbyopic, may have problems reading their 
Bibles for example.  They may only have candles as a source of light at night.  They could 
improve their vision by looking through a small hole while reading.  The purpose of this study is 
to explore the possibility of such a simple and almost cost free device contributing to solving this 
need. 
Method 
Uncompensated (without the pinhole) near or proximal visual acuities (VAs) were 
measured and recorded on one eye of 45 presbyopic subjects over the age of 50 years in photopic 
(250 lux) and then scotopic (20 lux) conditions.  There were 36 male and 9 female subjects.  
Their ages ranged between 50 and 74 years with an average of 59 (SD = ±7.52) years.  The 
ambient room illumination for photopic conditions was measured using a Sekonic Lumi Model 
246 light-meter.  No visual or pathological conditions or requirements were set for the subjects.  
The subjects were asked to read the smallest letters on the near chart by moving their head closer 
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or further away from the chart at the distance that gave the best acuity.  The chart used was the 
Lighthouse Near Visual Acuity Test (2nd Edition) with modified ETDRS (Early Treatment for 
Diabetic Retinopathy Study) Sloan letters.  The VA measurements were then repeated and 
recorded while the subjects looked through nine different pinhole diameters, one at a time, 
namely 0.6 mm, 1 mm, 1.2 mm,  1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm and 4 mm respectively 
(referred to here as compensated measurements).  The same procedure was repeated for scotopic 
conditions.  Fractional difference MAR values were then computed for each pinhole over all 
subjects to determine which size pinhole gave the best overall visual performance. 
Two separate, yet related analyses were conducted, a conservative measure and an 
adjusted measure analysis.  The conservative measurement recorded the last complete line read 
by the subject.  The adjusted measurement takes into account any extra letters read on the chart 
following the last complete line read. 
Results 
Not all subjects’ VAs improved while looking through the pinholes, so two analyses were 
done, one for all the subjects (global) and the other only for whose VA improved. Global 
conservative photopic results showed that the 1.2 mm pinhole gave the best mean fractional 
difference MAR improvement of 0.175 followed by the 1.5 mm (0.137) and then the 2 mm 
(0.097) pinholes respectively.  The adjusted photopic results were marginally better with values 
of 0.179, 0.149 and 0.099 also for pinholes 1.2, 1.5 and 2 mm respectively.  The scotopic results, 
however, showed that the 1.5 mm pinhole gave the best mean fractional difference MAR 
improvements for both conservative and adjusted measurements of 0.131 and 0.140 respectively 
followed by the 1 mm (0.114 and 0.127) and then the 2 mm (0.110 and 0.115) pinholes 
respectively.  The adjusted measurements were also marginally better. 
The results for the subjects whose VAs did improve showed that for photopic 
conservative conditions the 2 mm pinhole gave the best mean fractional difference MAR 
improvement of 0.457 followed by the 1 mm (0.452) and then the 1.5 mm (0.449) pinholes 
respectively.  The adjusted results showed the 1.5 mm (0.450) to be the best followed by the 1.2 
mm pinhole (0.432) and then the 1 mm (0.431) pinhole.  For scotopic conditions, the 1 mm 
pinhole showed the best results for the conservative measurements (0.415) followed by the 1.5 
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mm (0.413) and then the 0.6 mm (0.399) pinholes respectively.  The adjusted measurements 
showed the 1.5 mm (0.417) to be the best followed by the 1 mm (0.401) and then the 1.2 mm 
(0.363) pinholes respectively.  
A fitness rating was then determined for each pinhole size to determine which diameter 
size gave the best all-round performance.  The fitness rating determines which size pinhole on 
average helped more people see better and is not necessarily the pinhole that gave the best 
improvement.  The 1.2 mm pinhole performed the best followed by the 1.5 mm and then the 2 
mm pinholes respectively for both conservative and adjusted photopic conditions.  For scotopic 
conditions the 1.5 mm pinhole performed the best followed by the 1.2 mm and then the 2 mm 
pinholes respectively.  The 1.2 mm pinhole did not, however, give the highest mean fractional 
difference MAR improvement, but on average improved a greater percentage of the subjects’ 
VAs.  
Conclusion 
It is the common experience of many that by looking through a pinhole in a card, or even 
a leaf, can improve vision.  This study suggests that pinholes of diameter 1.2 mm and 1.5 mm are 
optimal for photopic and scotopic conditions respectively.  All, or if not, a very high percentage 
of low to medium, and to a lesser extent, high hyperopic presbyopes could benefit, particularly 
when reading.  6/6 or 20/20 vision is not usually a prerequisite for performing near vision tasks 
or for reading.  Some experts suggests newspaper print should be equivalent to a 6/15 (or slightly 
larger than a 20/40) letter size.  Decreasing the uncompensated MAR by 45% enables people to 
perform near tasks better and read smaller print.  So simple and almost cost-free a device surely 
has considerable potential to contribute enormously to the welfare of millions in the developing 
world. 
Of course a pinhole is no substitute for an eye test or a spectacle lens or any optometric, 
ophthalmological or other health service.  It is certainly not a sufficient solution to the visual 
needs of the developing world; but the huge potential benefit strongly suggests that there is a 
niche for it.  And it is certainly wrong to dismiss the possibility merely because optometry has 
looked askance at the pinhole in the past.  One imagines that implementation could be applied in 
communities where there are no or almost no health services and that it could be used to increase 
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awareness of the fact that vision can be aided and eventually help to feed people into orthodox 
optometric and ophthalmological services.  The results suggest that so simple a device as a 
pinhole can improve the near vision of about 67% of people over 50 years of age in good lighting 
conditions and, perhaps, about 60% in poor lighting conditions. The potential benefit is so great 
and the cost so little that it is surely negligent not to explore the possibility of developing such a 
program. 
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1 Introduction 
There are approximately 45 million blind people worldwide and an additional 180 
million people with low or impaired vision (Berger et al., 2004).  Estimates of the number of 
people in the world with refractive error range from 800 million to 2.3 billion, but only 1.8 
billion have access to vision correction leaving approximately 500 million with 
uncompensated refractive error (Holden et al., 2008).  The world population, according to the 
US Census Bureau, International Database (2007), is approximately 6.5 billion.  Of the 6.5 
billion, Africa has a population of about 933.5 million (14.2%), Asia 3.17 billion (56.5%), 
Australia 34.5 million (0.5%), Europe 809 million (12.3%), North America 334.5 million 
(5.1%), Latin America and the Caribbean 500 million (8.5%) and the Middle East 193 
million (2.9%).  Uncompensated distance refractive error is the most common cause of vision 
impairment second to cataracts as the most common cause of avoidable blindness worldwide.  
The global population is growing at a rapid rate and life expectancy for older people 
is also increasing.  These facts are particularly true for less developed countries.  Table 1.1 
shows projected global population growths and ageing projections from years 2000 to 2050 
(Watkins, 2001). 
Table 1.1.  Global population growth and ageing projections.  (Reproduced with permission from 
Holden et al. (2008).) 
   Population     Life expectancy 
Region  Developed Less developed  Developed Less developed 
2000    1.2 billion   4.9 billion     75 yrs   63 yrs 
2050    1.2 billion   8.2 billion     82 yrs   75 yrs 
 
Presbyopia, however, also creates a refractive error affecting near vision of older 
people, and yet is not included in the World Health Organization’s (WHO) reported 
prevalence of uncorrected refractive error (Holden et al., 2008).  It affects approximately 1 
billion people of which 5.17 million do not have adequate near vision correction.  Functional 
or significant near vision impairment (defined as needing a significant optical correction 
added to the distance refractive correction to achieve the correct near vision criterion) is 
experienced by about 410 million people.  Sixty seven percent of people with presbyopia and 
94% of people with functional or significant near vision impairment due to uncorrected 
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presbyopia live in less developed countries.  Combining the prevalence data with the 
population projections of the US Census Bureau gave an estimate of 1.04 billion cases of 
functional presbyopia in 2005.  It is estimated that 67% of people (or 696 million people) 
with presbyopia live in less or least developed regions of the world.  The global prevalence of 
presbyopia is predicted to increase to about 1.4 billion by 2020 and to about 1.8 billion by 
2050 (Holden et al., 2008).  These estimates are shown in Figure 1 and summarized in Table 
1.2.  Figure 1.1 shows the predicted number of people with presbyopia from 2005 to 2050 
and Table 2 shows estimates of global prevalence of presbyopia. 
 
Figure 1.1.  The predicted number of people with presbyopia from 2005 to 2050.  (Reproduced with 
permission from Holden et al. (2008).) 
 
Vision impairment is a developmental issue affecting the everyday lives of millions of 
people worldwide.  By 2020, the number of people with refractive error is projected to reach 
about 6.1 billion, 66% of the world’s population.  Two thirds of them live in the less 
developed countries where the majority of the people do not have ready access to eyecare, 
eye examinations and affordable spectacles (Holden et al., 2008).  
In most developed countries the optometrist to population ratio is approximately 
1:10,000.  However, in developing countries the ratio is far greater, approximately 1:600,000 
and much worse in many rural areas, up to millions of people per optometrist.  This lack of 
eye-care practitioners including optometrists is the main reason for the high rates of vision  
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problems that are due to uncorrected refractive error in developing countries (Holden and 
Resnikoff, 2002).  The blindness rate in many developing countries, especially in Africa, is 
about seven times that in developed countries.  In order to deliver quality eye care to 
countries where the need is the greatest, there needs to be a substantial increase in the number 
of eyecare personnel trained in refraction.  The present situation in many of these developing 
countries cannot wait for optometry to develop completely as a profession, but requires them 
to take a major role in training mid-level personnel in refraction and eye care.  Refractive 
error is the leading cause of visual disability in these populations and cataracts are the leading 
cause of blindness that can be rectified worldwide (Schwab and Steinkuller, 1983). 
Blindness affects the health and quality of life of approximately 39 million people 
worldwide (Pascolini and Mariotti, 2010), 8 million from uncorrected refractive error 
(Resnikoff et al., 2008).  ‘Without appropriate optical correction, millions of children are 
losing educational opportunities and or not reaching their full potential and adults are 
excluded from productive working lives, with severe economic and social consequences.  
Table 1.2.  Estimates of global prevalence of presbyopia. (Reproduced with permission from 
Holden et al. (2008).) 
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Individuals and families are frequently pushed into a cycle of deepening poverty because of 
their inability to see well’ (Second Oxford Conference on Vision for Children in the 
Developing World, 2011).  
Significant vision impairment caused by uncorrected distance or near vision (at a level 
defined by the World Health Organization as a disability) affects over 600 million people 
globally (9% of the world’s population).  Over 3.5 billion people (52% of the world’s 
population) need some form of vision correction to see clearly.   
According to the World Health Organization (2001) there were approximately 45 
million blind people worldwide and an additional 180 million people with low or impaired 
vision.  New WHO preliminary estimates indicate that visual impairment prevalence has been 
reduced from 314 million people in 2004 to 285.3 million today.  Of these, 39.8 million 
people are estimated to be blind.  Globally, uncorrected refractive errors are the main cause 
of visual impairment but in middle and low-income countries cataracts remain the leading 
cause (Ackland, 2010).   
In the World Health Organization’s ‘Global Initiative for the Elimination of 
Avoidable Blindness’, in the 10th revision of the World Health Organization International 
Statistical Classification of Diseases, Injuries and Causes of Death, low vision is defined as 
‘visual acuity of less than 6/18 but equal to or better than 3/60, or a corresponding visual field 
loss to less than 20° in the better eye with the best possible correction.  Blindness is defined 
as ‘visual acuity of less than 3/60, or a corresponding visual field loss to less than 10°, in the 
better eye with the best possible correction’ (World Health Organization, c2005).  ‘Visual 
impairment includes both low vision and blindness’.  Ninety percent of all global blindness is 
found in developing countries.  Worldwide there is a great need for vision correction 
especially for the elderly in the poor communities and developing countries.  Natural 
uncompensated high refractive error and inadequate refractive compensation of aphakia after 
cataract surgery are also causes of blindness in developing countries.  Refractive error 
blindness in any population suggests that eye care services in that population are incompetent 
or inadequate since treating refractive error is the simplest and most effective form of eye 
care.  If avoidable blindness is to be reduced in these underserved areas, vision screening 
programs to detect refractive error blindness need to be implemented, sufficient numbers of 
personnel to perform reasonable quality refractions need to be trained and adequate 
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infrastructures have to be developed to facilitate the logistics of providing affordable 
spectacles of reasonable quality (Dandona and Dandona ( 2001).  
Studies done in 2008 by Smith et al. (2009) show the potential loss in productivity 
due to visual impairment globally to be in the region of $268.8 billion (international dollars).  
The cost of providing spectacles to meet this global demand is unknown.  If it is assumed that 
spectacles are replaced at a rate of one pair every three years, 53 million spectacles would be 
needed annually to address the current problem of uncorrected refractive error.  It can also be 
assumed that the costs involved are not only for spectacles, but also for the man hours and 
infrastructure needed to deliver them.  Much time and money has been spent on research on 
ways to overcome the problem and service the disadvantaged population. 
Studies have been done using simplified equipment to refract subjects with refractive 
errors.  In Ghana 40 senior government officials employed by the Non-Formal Education 
Department (NFED), a subsidiary of the Department of Education, were trained to do self-
refractions using the Adspec, a pair of spectacles that has inflatable spherical lenses with a 
power range from   ̶ 6 D to 6 D (Silver et al., 2003; Carlson, 2005; 2006).  These officers then 
trained facilitators from other regions in the country and they refracted learners that were 
enrolled on the literacy programme funded by NFED.  The facilitators dispensed a few 
thousand Adspecs to the learners. 
The question arises whether only stigmatic compensations are suitable for vision 
correction.  What about people who need astigmatic compensations?  Data collected from the 
Optometry section on Phelophepa, a primary health-care train in South Africa that is 
managed by Transnet, in 2002 showed that of 28 278 eyes tested only 25% needed stigmatic 
compensations (Carlson and Harris, 2004).  Of the rest that needed astigmatic compensations, 
54% needed astigmatic compensations up to 1 D (measured as cylinder power), 18% between 
1.25 and 2 D, 2% between 2.25 and 3 D and 1% greater than 3 D.  Of the astigmatic eyes, 
73% had astigmatism up to 1 D, 23% between 1.25 and 2 D, 3% between 2.25 and 3 D and 
1% greater than 3 D.  To answer the question whether it is necessary to prescribe astigmatic 
lenses, the answer lies in logistics.  If such lenses can be prescribed and if they do make a 
significant difference, then the answer is Yes.  Methods of testing, manufacturing and 
distributing the spectacles have to be in place. 
There has been much criticism of dispensing the Adspec and any spectacles by non–
optometric personnel, by the optometric profession because no tests for pathology are 
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implemented.  An extract from the communique of The African Council of Optometry held in 
Addis Ababa, Ethiopia, in 2012, reads, ‘We would encourage member countries to ensure 
that the import and/or use of refraction devices be controlled and of a standard acceptable to 
the profession.  We note with concern the proliferation of self-refraction spectacles in 
countries in Africa’ (Ninth African Council of Optometry Congress, 2012).  The hierarchies 
who manage the profession feel that if the general public bought these spectacles without 
proper eye examinations, pathologies such as glaucoma would not be detected which would 
be detrimental to the public.  That may be true but optometrists cannot reach out to everyone, 
especially in rural areas because of the lack of resources and manpower.  They feel that the 
money spent producing these spectacles could be put to better use by help financing future 
clinics in these areas.  This can take years to happen so must the people suffer poor vision 
until these clinics are built? 
Ironically, there appears to be no objection to ready-made reading spectacles being 
freely available and sold over the counter in pharmacies without any eye examinations being 
performed.  This, however, gives the people who have access to the spectacles a choice of 
having an eye examination; however, it appears to be a problem giving ready-made reading 
spectacles to people who do not have access to eye examinations.  There are definitely double 
standards.  Should one not try and improve the quality of life of people by improving their 
vision until proper eye examinations become available?  Indeed, it is even possible that that 
would increase the demand for improved eye care and hasten the delivery of proper services. 
If an uncompensated ametrope or presbyope pricks a small hole into a leaf, piece of 
paper or cardboard and looks through it, he or she will usually experience improved vision 
providing there is no central cataract or any ocular pathology.  Rural communities with vision 
problems who have no access to eye-care or vision specialists may benefit from looking 
through a pinhole while looking at far and/or at near.  In poorer communities many people 
who are longsighted or presbyopic may have problems with reading their Bibles for example.  
They may only have candles as a source of light at night.  They could improve their vision by 
looking through a small hole while reading.  The question is: Could such a simple and almost 
cost free device contribute to solving this visual need? 
Clinically the pinhole is used as a diagnostic tool for refraction and detecting 
pathology (Borish and Benjamin, 1998).  It is well known that the visual acuity of people 
who suffer from impaired vision of a refractive type may be improved by the very simple 
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device of viewing objects through a pinhole.  The question arises whether the pinhole may 
have any use in aiding visually impaired people, particularly in developing and poverty-
stricken communities.  The pinhole costs almost nothing and might help uncompensated 
ametropes and presbyopes particularly with near tasks such as reading.  The purpose of the 
study is to examine this possibility.  The project will also investigate which size pinhole gives 
the best VA improvement for near or proximal distances for photopic and scotopic 
conditions.  However, it must be emphasized that the pinhole is not a substitute for an eye test 
or for a pair of spectacles, but a temporary measure to improve vision where eye-care or 
spectacles are not readily available. 
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2 Pinhole Optics 
Introduction 
A pinhole may be defined as a small stenopaeic opening; the term was derived from 
the Greek στενoς (little) όπή (opening) (Croyle, 1950).  The principles of image formation by 
light passing through a small aperture in an opaque disc and producing a well-defined 
inverted image on a screen behind was first correctly observed and analyzed by Ibn al-
Haitham in the thirteenth century.  Irrespective of the shape of the aperture, the image formed 
is always the same shape as the object; for example, if the object is circular in shape, the 
image will also be circular (Lindberg, 1968).  
The Greeks (350 BC) knew that sunlight shining through a small opening in a dark 
enclosed room produces an image of the sun on the opposite wall.  It is believed that 
Leonardo de Vinci used a pinhole as a distortion free lens in photography as far back as the 
15th and 16th centuries (Young, 1972).  Pinhole optics is completely free of linear distortion 
and has virtually infinite depth of field and a very wide angular field.  This phenomenon is 
what later became known as the ‘camera obscura’ (dark chamber) or pinhole camera.  The 
image is inverted.  The image is well defined over a large range of object distances.  The 
image is free from distortions, which is an advantage over a camera using lenses.  The shape 
of the pinhole is not important providing it is small enough.  There is an optimum size of 
pinhole for maximum image sharpness.  A small pinhole allows very little light to enter the 
camera which results in faint images.  Relatively long exposure times are necessary when 
taking photographs. It has been found that this optimum hole diameter is proportional to the 
distance between the pinhole and the image screen.  Increasing the size of the pinhole from 
the optimum value produces a brighter image, but one which is less distinct.  This is due to 
the overlapping of rays on the image from different object points.  This results in the image 
being blurred.  If the pinhole is too small, the image is also less clear because of diffraction 
effects (Tunnacliffe and Hirst, 1981). 
As long as the object-to-pinhole and pinhole-to-screen mediums are the same, no 
chromatic dispersion effects occur because no refraction takes place.  Consider light from an 
object passing through a pinhole and forming an image on a screen placed behind the pinhole.  
If the pinhole is small enough, we can assume the pencil of light from the object to be a light 
ray.  Light from all points on the object will diverge away from the object in all directions.  
Only one ray from each point on the object will pass through the pinhole and form an 
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inverted image on the screen behind as illustrated in Figure 2.1.  The image size is dependent 
on the size of the screen and the distance from the pinhole to the screen.  The greater the 
distance between pinhole and screen, the larger the image.  The object distance is not 
important as there is no focusing mechanism.  The pinhole reduces or eliminates any blur that 
might occur if the aperture size is too large (Croyle, 1950).  
 
 
 
 
 
 
 
Figure 2.1.  Rays from object AB pass through a pinhole O and form an image B'A' on a screen.  The 
rays pass through the pinhole undeviated.  The image suffers neither distortion nor chromatic 
aberration. 
 
For centuries astronomers have been using pinholes to study solar eclipses and sun 
spots.  Throughout the late middle ages and early Renaissance the phenomena of pinhole 
images were investigated to test theories of light propagation (Lindberg, 1970).  Christoph 
Scheiner (1573-1650) is credited with observing the stenopaeic effect and devising the 
pinhole test used for testing visual acuity (VA) and also to determine the type of ametropia 
that exists within a subject’s eye using a double pinhole method that produces double 
imaging (Daxecker, 1992; 1994).  This is shown in Figure 2.2. 
Consider red and green light sources emitting light as shown in Figure 2.3(a).  The 
light on the screen will be a mixture of the green and red.  If an aperture is now placed 
between the sources and the screen as shown in Figure 2.3(b), the colours tend to separate 
leaving broad patches of light from the light sources.  If the diameter of the aperture is 
reduced so as in effect to allow one ray of light from each source to pass through, point 
A 
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images of the sources will appear on the screen.  This is shown in Figure 2.3(c) (Keating, 
1988). 
 
 
 
 
 
 
Figure 2.2.  The Scheiner disc comprises two pinhole apertures.  Consider a green light source 
passing through the top hole and a red source passing through the lower one and entering the eye.  An 
emmetrope sees one light source, a combination of the green and red lights.  A hyperope sees both 
lights.  The green image falls above the red image.  A myope also sees both lights except that the 
green image falls below the red.  The brain, however, switches the apparent position of the sources so 
that the myope sees the green light above the red light.  The hyperope sees the green light below the 
red light. 
 
The advantage of the pinhole is that it does not need a lens to form an image.  
However, it needs a screen on which to form the image.  It does not form an aerial image in 
free space like a lens does.  If the object is an extended light source placed in front of a lens 
of positive power a real image will be formed on a screen as with the pinhole.  If the screen is 
removed an aerial image in space would be formed.  This is shown in Figure 2.4.  The image 
acts as an object for the eye or optical system that follows.  The light diverges away from the 
image and if one views the image from behind so as to be in the field of the divergent light 
one would see the image of the light source.  With a pinhole all that would be seen is an 
illuminated spot in the pinhole.  The reason is that the pinhole does not converge light to form 
a real image (Goldberg et al., 1991).  This is illustrated in Figure 2.5.  It can be seen that a 
pinhole produces a well-defined image that is distortion free without the use of any optical 
devices such as lenses.  The pinhole increases the depth of focus and reduces any blur patches 
that may occur in the image.  
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Figure 2.3.  Two light sources emit light onto a screen.  In (a) the screen reflects a uniform mixture of 
red and green light off the screen.  In (b) a small aperture is placed between the light sources and the 
screen.  The aperture produces two broad light patches of each light source on the screen.  In (c) a 
pinhole is placed between the light sources and the screen.  The pinhole produces two point images of 
the light sources onto the screen.  (Reproduced with modifications from Keating (1988).) 
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Figure 2.4.  Light diverges away from an extended light source AB towards a lens of positive power 
F.  The red and black pencils are from the top and bottom of the object respectively.  After refraction 
the pencil of light converges and forms an inverted aerial image A'B' in free space.  The image acts as 
object for the eye or lens system that follows.  The light continues to diverge and an observer’s eye at 
E sees the whole image provided it is not too close to the image and is within the shaded area of the 
divergent pencil.  (Reproduced with modifications from Goldberg et al. (1991).) 
 
 
 
 
 
 
 
Figure 2.5.  A light bulb AB is placed in front of a pinhole.  Divergent light is emitted from the bulb 
and passes through the pinhole.  No real or aerial image is formed.  All that the observer E can see is a 
narrow flux of light that had originated at a single point in the source.  (Reproduced with 
modifications from Goldberg et al. (1991).) 
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Diffraction 
When plane monochromatic light waves pass through a small aperture in an opaque 
screen or an obstacle in its path, we would expect the pattern formed on a screen behind the 
aperture to be the exact same shape as the aperture if we accept that light travels in straight 
lines.  However, diffraction effects take place along the edges of the aperture and obstacle.  
Diffraction depends on the size of the aperture or obstacle relative to the size of the 
wavelength.  The longer the wavelength and the smaller the aperture the more the light bends.  
This is more evident when one compares music and speech wavelengths (1.7 cm to 17 m) 
with light wavelengths (390 to 760 nm).  A door that has an opening is approximately one 
metre wide.  For the shorter light waves the effect is less noticeable, however, careful 
observation shows that light waves do bend around the edges (Keating, 1988). 
A simple approach to explaining diffraction is based on Christiaan Huygens’ (1629-
1695) principle.  Consider a point light source emitting monochromatic light of wavelength λ.  
Huygens’ principle states  ‘All points on a wavefront can be considered as point sources for 
the production of spherical secondary wavelets, and at any later time the new wavefront 
position is the envelope (or surface tangency) to these secondary wavelets’ (Keating, 1988).  
See Figure 2.6.  The points A, B and C each serve as a point source for a secondary spherical 
wavefront (a).  Far downstream the wavefront is specified by the envelope which is now 
plane (b).  The plane wavefront is incident on an obstacle in (c).  The envelope above the 
obstacle remains flat.  In the lower region the obstacle blocks out some of the secondary 
wavelets.  In the region behind the obstacle the wavefronts from points above the obstacle 
give an envelope that is curved similar to that of a sphere.  The fall-off in the diffracted light 
is not as smooth as shown in Figure 2.6(c). The irradiance varies in a ripple like manner.  The 
curved envelope indicates that some light bends around the obstacle into the umbra region of 
the image. 
Augustin-Jean Fresnel (1788-1827) expanded Huygens’ principle to explain the ripple 
effect.  A simplified explanation of Fresnel’s addition to Huygens’ principle is:  ‘For light of 
the same bundle (i.e. waves from the same point source) the secondary wavelets undergo 
mutual interference’ (Keating, 1988).  It is the constructive and destructive interference of the 
secondary wavelets that accounts for ripple effects in the diffraction patterns.  
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(a)                                                             (b)           (c)                 (d) 
Figure 2.6.  In (a) light diverges away from a point source S.  The points A, B and C each serve as a 
point source for a secondary spherical wavefront.  (b) Far downstream the wavefront is specified by 
the envelope that is now plane.  (c)  The plane wavefront is incident onto an obstacle.  The envelope 
above the obstacle remains flat.  In the lower region the obstacle blocks out some of the secondary 
wavelets.  In the region behind the obstacle the secondary wavelets undergo mutual interference.  (d) 
The ripple effect in the diffraction pattern.  (Reproduced with modifications from Keating (1988).) 
 
For the purpose of this study we restrict the aperture to a circle.  Consider a point light 
source emitting light through a small circular aperture.  We would expect to observe a broad 
region of light on a screen as a result of the light spreading out after passing through the small 
aperture.  However, a diffraction pattern known as  Fraunhofer (Joseph von Fraunhofer 
(1787- 1826) diffraction is produced.  It comprises a bright circular central region surrounded 
by concentric circular light and dark areas traditionally known as Airy’s disc (Serway and 
Jewett Jr, 2004).  This is shown in Figure 2.7.  The light and dark areas are not of equal 
intensity.  Fraunhofer patterns are not sensitive to distance changes as long as the screen is in 
the far field. 
The diameter of the central Airy’s disc pattern is expressed as an angle 2θ where θ is 
given by 
θ =  1.22λ
d
                                 (2.1) 
in radians where λ is the wavelength of the light and d is the diameter of the aperture.  This is 
shown in Figure 2.8. 
 
 
S 
C 
A 
B · 
· . 
15 
 
 
 
                (a)                                 (b)            
Figure 2.7.  (a) Circular Airy’s disc diffraction pattern comprising a bright circular central region 
surrounded by concentric circular light and dark areas.  (b) shows the irradiance in the diffraction 
pattern. (Reproduced from http://electron6.phys.utk.edu/optics421/modules/m5/Diffraction.htm.) 
 
 
 
 
Figure 2.8.  Light passing through a small circular aperture and producing an Airy’s disc 
diffraction pattern comprising a central bright area surrounded by light and dark fringes.  The 
diameter of the bright central area is expressed by 2θ.  The irradiance pattern is shown behind 
the screen.  (Figure constructed by Warren Carlson.) 
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Limit of resolution for circular apertures  
When light waves pass through an optical lens they suffer small diffraction effects.  
Therefore, an optical system cannot form a perfect image.  This means that diffraction places 
a limit on the ability of a lens or optical system to form good quality images.  Optical systems 
that are designed for correct focus and to reduce or eliminate aberrations are referred to as 
diffraction limited systems. 
The ability of an optical system to resolve two points is an example of the limiting 
effects of diffraction.  Figure 2.9 shows two distant light sources S1  and S2 in front of a 
circular aperture of diameter d.  The light sources subtend an angle θ at the aperture so that 
the images also subtend angle θ at the aperture.  Because the aperture is circular, each image 
point is an Airy’s disc with its surrounding light and dark rings.  The Airy’s discs are focused 
in the far field producing two Fraunhofer diffraction patterns.  If a lens is placed at the 
aperture the images are formed at the focal point of the lens, thus bringing them in closer 
from the far field.  If the aperture is large, very little diffraction occurs and the discs are 
small.  The two illuminations are very close to points and easily recognized as two points.  As 
the distance between the sources decreases, the Airy’s disc patterns move closer together.  
The two points are still recognized as two.  As the distance between the two sources 
decreases the patterns begin to overlap until the two points appear as one large diffraction 
pattern and the two points are no longer resolvable.  
Because of its simplicity, Rayleigh’s criterion is one of the criteria used for the 
resolution limit.  The criterion states that the two point resolution limit occurs when the first 
minimum (the boundary of Airy’s disc) of one diffraction pattern coincides with the central 
maximum of the other diffraction pattern (Serway and Jewett Jr, 2004).  When the patterns 
overlap more than this, the two points are not resolvable.  This is shown in Figure 2.10.  
Rayleigh’s criterion states that the just resolvable angle is θ given by Equation 2.1. 
In diffraction limited systems, larger apertures give better resolution, however, large 
apertures are limited by aberrations as opposed to diffraction.  Smaller apertures reduce 
aberrations but increase diffraction.  
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  (a)             (b) 
Figure 2.9.  (a) Two point light sources separated by angle θ produces two  Airy’s disc diffraction 
patterns and the two point images are well resolved.  (b) As angle θ decreases the diffractions patterns 
move closer together and overlap.  The two images are no longer resolvable.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10.  Rayleigh’s criterion.  The two Airy’s discs overlap.  When the first maximum coincides 
with the other diffraction pattern’s minimum, the two light sources are just resolvable. 
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3 Visual Acuity 
Visual acuity (VA) is the ability of the visual system to resolve differences and 
changes in position in space.  It expresses the angular size of detail that can just be resolved 
(Bailey, 1998).  Conventionally, VA is performed at a viewing distances of 6 m for distance 
viewing and at 40 cm for near (Lay et al., 2009).  However, other distances may be used 
based on the patient’s distance and or near vision demands.  British Standard BS-4274-1 
(2003) specifies that the luminance of the chart shall be uniform and not less than 120 cd/m2 
and that the variation across the chart should not exceed 20%.  Bennett and Rabbetts (1989) 
and Bailey (2006) suggested that a chart luminance anywhere between 80 and 320 cd/m2 
would be suitable. 
Visual acuity may be divided into three categories namely detection, resolution and 
recognition acuity (Lay et al., 2009).  Clinically, detection acuity is measured by asking the 
patient to detect the presence or absence of a specific stimulus.  The stimulus may be a sine-
wave or square-wave grating presented on a card next to a blank card.  The patient is first 
asked to identify the card containing the grating.  The spatial frequency (the number of lines 
per degree) is increased until the patient is no longer able to identify which side of the target 
contains the stimulus.  With resolution acuity the patient is required to identify a stimulus 
pattern such as the direction of the limbs in a Tumbling E chart or the orientation of the gap 
in a Landolt C optotype.  An advantage of these tests is that they can be performed on small 
children and illiterate patients.  Another advantage is that the letters on each line have the 
same level of difficulty which is not the case with Snellen charts where some letters are more 
difficult to resolve than others.  With recognition acuity the patient is required to identify 
particular objects such as symbols or letters.  This requires the patient to have prior 
knowledge of particular objects and of a familiar alphabet.  In the case of symbol or picture 
charts, which are sometimes used for paediatric patients, identification of some pictures or 
symbols may be problematic.  A child may be able to identify the picture but unable to name 
it.  However, clinically, the letter chart appears to be the most popular method of quantifying 
VA.  
The Snellen fraction 
The Snellen fraction is the most traditional way to record VA (Lay et al., 2009).  The 
fraction is defined as: 
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VA = d1/d2         (3.1) 
d1 is the test distance and d2  is the distance at which the letter subtends 5′. 
A VA of 6/6 or 20/20 means that, at the viewing distance of 6 m or 20 ft, the smallest letter 
that can be resolved subtends 5′, that is, 5 minutes of arc.  Similarly, 6/12 or 20/40 means that 
at a viewing distance of 6 m or 20 feet, the smallest letter that can be resolved would be at a 
distance of 12 m or 40 ft.  The bigger the letter size, the greater the distance at which the 
letter would subtend 5′.  See Figure 3.1. 
 
 
 
 
 
 
Figure 3.1.  The smaller letter E subtends 5′ of arc at d1.   The larger E subtends 5′ of arc at 
d2. 
It can be seen in Figure 3.1 that the larger letter subtends 5′ at a larger distance than 
the smaller one.  By simple calculation it can be shown that a letter that subtends 5′ at a 
greater distance, for example, at 12 m is twice as large as a 6/6 letter and a letter subtending 
5′ at 60 m is 5 times larger than a 6/6 letter. 
Snellen optotypes were originally designed by Hermann Snellen of Utrecht, the 
Netherlands, in 1862 (Duke-Elder and Abrams, 1970).  Different styles are used but they are 
all based on a 5 x 5 or 5 x 4 matrix.  The Snellen fraction may also be recorded as a decimal 
equivalent.  For example, 6/6, 6/12 and 6/30 could also be recorded as 1, 0.5 and 0.2 
respectively. 
Minimum angle of resolution (MAR) 
The minimum angle of resolution (MAR) is the angular size of detail within the just- 
resolvable optotype.  For letters, the detail is taken to be one fifth of the letter height (Borish 
                 d1     
                                                   d2 
5ʹ 
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and Benjamin, 1998).  For example, at a viewing distance of 6 m, a 6/6 letter subtends 5′.  
Since the gap between the limbs of a Snellen letter is one fifth of the letter height, each limb 
subtends 1′ and therefore the MAR is 1′ (Figure 3.2).  A 6/12 letter subtends 5′ at 12 m.  
Therefore, at a viewing distance of 6 m the letter subtends 10′ and the MAR is 2′.  The MAR 
is the reciprocal of the Snellen fraction in minutes of arc.  For example, a 6/18 or 20/60 letter, 
MAR is 18/6 and 60/20 minutes of arc. 
 
 
 
 
 
Figure 3.2.  For a visual acuity of 6/6 each limb on the letter subtends 1′.  Since the gap between the 
limbs of a Snellen letter is one fifth of the letter height, each limb subtends 1′ and therefore MAR is 
1′. 
Snellen fractions do, however, have a few significant problems especially if the test 
distance is not at 6 m or 20 ft.  In this situation the letter size must be adjusted to give the 
appropriate decimal equivalent.  If the test distance is at 4 m, then the numerator of the 
Snellen refraction must be 4 m.  In order to obtain the equivalent decimal of 1, the letter 
should subtend 5′ at a distance of 4 m.  
Another difficulty with the Snellen system occurs when the patient is unable to read 
all the letters on a particular line.  When recording a VA, the patient is required to read at 
least half the letters on the smallest line before that line is recorded.  The number of letters 
not recognized is recorded as a superscript with a minus sign.  If less than half the letters on a 
particular line are recognized, then the previous line is recorded with a plus superscript.  For 
example, 6/6-2 indicates that the patient read all but 2 letters on the 6/6 line, 6/6+2 indicates 
that the patient read the whole 6/6 line and only 2 letters on the 6/4.5 line and 6/12 indicates 
that the patient could only read all the letters on the 6/12 line.  
A problem associated with the Snellen chart is that the number of letters on each line 
increases down the chart.  If a line contains only three letters then the patient has to identify 
only two to receive credit for that line.  If a line contains six letters then the patient has to 
1 minute of arc (MAR) 
Eye 
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identify only three.  If the patient recognizes four of the six letters on the 6/7.5 line correctly 
and all but one on the 6/6 line, the VA is recorded as 6/6-1 and the error on the 6/7.5 line is 
ignored.  It is often unclear how to deal with superscripts if statistical analysis is required.  
Harris and Rubin (1992) state that to calculate mean Snellen acuities, hand movements (HM), 
light perception (LP) and no light perception (NLP) must be included in the data.  However, 
the Snellen equivalent of NLP is 20/∞ or 0 if expressed as a number.  If all subjects had a VA 
of 20/20 and one had 20/∞, the mean would be 20/∞. 
To overcome the problems of Snellen acuity, charts using the logMAR principle have 
been adopted as a superior method of quantifying VA (Bailey, 2006).  LogMAR charts have 
the same number of letters on each line.  They express the VA as a logarithm of the MAR.  
For example, a 6/30 letter has a MAR = 5′ and a logMAR = 0.7.  If MAR =1′ then logMAR = 
0, which is equivalent to a 6/6 letter.  A negative logMAR implies a letter size smaller than a 
6/6 letter.  For example, a 6/3 letter has MAR = 0.5 and logMAR = –0.3.  
Each line on a logMAR chart usually contains five letters per line.  The lines are 
labeled from about 1 to –0.3.  The spacing between the letters is equal to letter widths on that 
particular line while the vertical spacing between each line is equal to the heights on the 
lower line.  Therefore, the spacing between the 0.5 and 0.4 lines is equal to the height of a 
letter on the 0.4 line.  Each letter on a line represents a –0.1 / 5 = –0.02 increase in VA.  For 
example, by correctly identifying all the letters on a 0.6 line and only two on the 0.5 line, the 
logMAR VA is recorded as 0.6 + (–0.04) = 0.56.  If the patient can identify all the letters on 
the 0.6 line and only two on the 0.5 line and only two on the 0.4 line, the logMAR VA is 
recorded as 0.6 + (–0.08) = 0.52.  In other words 0.02 is subtracted from their score for each 
letter correctly identified from the last line completely read (Holladay, 1997).  Comparisons 
of VA notations are shown in Table 3.1. 
Letters are not equally easy or difficult to identify or resolve when viewed under 
abnormal viewing and or lighting conditions (Lay et al., 2009).  Hartridge and Owens (1922) 
rated letters in order of increasing difficulty and found that letters C, B, O and R to be the 
most difficult to resolve, and letters L, A, J and E the easiest.  Bennett and Rabbetts (1989) 
suggested that all letters used should have similar degrees of readability, however, every line 
should contain one or two difficult letters that are easily confused, such as C and G or F and 
P. 
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Table 3.1.  Visual acuity comparisons. 
   Snellen Notation                       MAR       logMAR        Decimal 
Metric             Imperial 
6/60  20/200   10  1.0  0.10 
6/48  20/160   8.0  0.9  0.13 
6/36  20/125   6.0  0.8  0.17 
6/30  20/100   5.0  0.7  0.20 
6/24  20/80   4.0  0.6  0.25 
6/18  20/60   3.0  0.5  0.33 
6/15  20/50   2.5  0.4  0.40 
6/12  20/40   2.0  0.3  0.50 
6/9  20/30   1.6  0.2  0.63 
6/7.5  20/25   1.25  0.1  0.80 
6/6  20/20   1.00  0.0  1.00 
6/4.8  20/16   0.80  -0.1  1.25 
6/3.8  20/12.5   0.63  -0.2  1.58 
6/3.0  20/10   0.50  -0.3  2.00 
 
Near VA should be tested at a distance of 40 cm and in good illumination, especially 
for elderly patients as their optical media is not as transparent as younger patients and the 
media does not transmit light as well.  If the working distance is not 40 cm, it is important to 
record the testing distance accurately.  British Standard BS-4274-1 (2003) specifies that the 
luminance of the test chart used shall be uniform and not less than 120 cd/m2.  However, 
both Bennett and Rabbetts (1989) and Bailey (2006) noted that a luminance between 80 and 
320 cd/m2 is reasonable.  Five methods are most commonly used to quantify near VA, 
namely, Snellen, logMAR, Jaeger, M and N notation. 
Snellen charts 
Snellen charts for near VA use the same principles as distance charts.  The standard 
distance is 40 cm.  However, numerators of either 6 or 20 are still used even though this does 
not correspond to the correct test distance.  A near VA of 6/6 at a test distance of 40 cm (16 
inches) must actually be recorded as 40/40 or 16/16.  A decimal of 1 at 40 cm can also be 
recorded. 
23 
 
LogMAR charts 
Near logMAR charts also make use of the same principles as distance charts.  In 
addition to the optotype charts used, the Bailey-Lovie Word Reading chart containing lower 
case letters in unrelated words in Times New Roman is also used (Bailey and Lovie, 1980).  
The purpose of using unrelated words is to ensure that the patient cannot guess based on the 
context of the sentence.  Unrelated word reading charts test the ability to see rather than the 
ability to read (Bailey, 2006). 
Jaeger charts 
In Jaeger charts the letters vary in height from about 0.5 mm to 19.5 mm.  Twenty 
different optotype sizes are used from J1 the smallest to J20 the largest.  The charts are of 
limited value because the dimensions of the letters are not standardized.  
M notation  
The M number specifies the distance in meters at which the letter subtends 5′.  The M number 
corresponds to the denominator of the Snellen fraction.  For example, when testing at 40 cm, 
if the smallest letter that can be read is 0.5 M, VA is recorded as 0.4/0.5. 
N notation 
The Faculty of Ophthalmologists of the United Kingdom adopted the Times New 
Roman font as the standard font for testing near VA (Law, 1951; 1952).  They recommended 
that the print size be recorded as points.  The letter size N10 indicates that the near test font is 
being used and that the size is 10 points.  The near VA is then recorded as the smallest print 
that can be read (recorded in N notation) and the test distance is specified.  Point size is 
widely used in word processing and in the printing industry.  
Newspaper print size 
One of the most common complaints presented by patients is difficulty in reading 
newspaper print.  According to Tinker and Patterson (1944) 1 M acuity is recommended.  
This is equivalent to 6/15, 20/50 or 0.4 logMAR if working at a near distance of 0.4 m.  
DeMarco and Massof (1997) noted that newspaper print varies quite considerably in size.  
For example, stock market print size is smaller the normal newspaper print and that on 
average the print size varied between 1.18 M and 0.65 M respectively.  They suggested that 
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in order to read all the sections in the newspaper, patients should be able to read 0.65 M.  At 
0.40 m this is equivalent to 6/9.75, 20/32 or 0.2 logMAR. 
Contrast sensitivity testing 
Visual acuity measurements are not a test of visual function.  They do not test how a 
subject will perform certain tasks in the work and home environment.  Visual acuity testing 
only tests for resolution under high contrast conditions.  It does not, however, test for tasks 
done under low lighting or contrast levels.  The contrast threshold is defined as the least 
amount of contrast required to make a target visible, and the reciprocal of that threshold is 
referred to as contrast sensitivity (CS) (Lay et al., 2009).  The first contrast sensitivity test 
used was the Weber contrast function:   
Contrast = (𝐿𝑡 ─ 𝐿𝑏) / 𝐿𝑏       (3.2) 
where 𝐿𝑡 is the luminance of the target and 𝐿𝑏  is the luminance of the background.  
Nowadays, the Michelson contrast equation is more frequently used because of the 
development of the sine-wave grating contrast sensitivity test.  
Michelson contrast (CSF) = (𝐿𝑚𝑚𝑚─ 𝐿𝑚𝑚𝑚) / (𝐿𝑚𝑚𝑚 + 𝐿𝑚𝑚𝑚)   (3.3) 
where 𝐿𝑚𝑚𝑚   and  𝐿𝑚𝑚𝑚  represent the maximum and minimum luminance of the grating 
respectively.   
The sine-wave function is used as a test stimulus.  It is a periodic function 
characterized by its amplitude (luminance) and spatial frequency, i.e., the number of cycles 
per unit angle detected expressed in cycles per degree (cpd).  Varying the amplitude of the 
stimulus at each spatial frequency until the threshold for detection is reached provides a 
measure of the patient’s CS.  If this is repeated over a wide range of spatial frequencies the 
contrast sensitivity function (CSF) is determined (Lay et al., 2009). 
Normal VA testing uses high spatial frequencies at high contrast levels despite the 
fact that many daily tasks may require lower spatial frequencies at a variety of contrast levels.  
Contrast sensitivity function testing procedures assess the visual performance using a wider 
range of stimuli.  Some patients may find it difficult to distinguish lower amplitudes and 
spatial frequencies although their VA is still 6/6.  Bansback et al. (2007) has shown that CS 
tests can be used to detect subtle changes in patients with macular degeneration.  Jarvinen and 
Hyvarinen (1997) has shown that measuring CSF repeatedly over time is a reliable method of 
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detecting changes in the visual pathway, even when VA remains unchanged.  Sisto et al. 
(2005) has shown that CS is the most sensitive tests for determining visual pathway 
involvement in patients suffering from multiple sclerosis.  The CS test is also used to 
examine visual performance of patients after cataract surgery (Walker et al., 2006). 
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4 Diffraction and Visual Acuity 
The use of a 1 mm diameter pinhole may reveal the eye’s potential VA even though 
the eye’s refractive error is uncorrected.  The maximum visual acuity of the eye using the 
pinhole is compared with that without the pinhole and the difference may be as a result of the 
uncompensated refractive error (Borish and Benjamin, 1998).  The pinhole is less and less 
effective as the visual acuity approaches 6/6.  The decrease in VA may also be associated 
with reduced retinal illumination, so it may be advisable to increase the illumination of the 
target or increase the pinhole diameter to about 2 mm.  The pinhole size should not, however, 
come within reach of the patient’s pupil size (Borish and Benjamin, 1998).   
The optical function of the pinhole, with reference to the eye, is to reduce the size of 
the retinal blur patch by minimizing or reducing the beam of light entering the eye to only the 
central rays.  This is shown in Figure 4.1.  Light entering the emmetropic eye focuses on the 
retina after refraction.  For the myopic eye light focuses in front of the retina.  After forming 
an image light continues to diverge and forms a blurred circular patch on the retina.  For the 
hyperopic eye light forms an image behind the retina.  The light, thus, forms a blur circular 
patch on the retina before it focuses behind.  The size of the blur patch is directly proportional 
to the size of the subject’s pupil.  When a pinhole is placed in front of the eye the amount of 
light entering the eye is reduced and the blur circular patch is reduced, thus improving VA 
(Daxecker, 1992).  According to Rabbetts (2007) a 1 mm diameter pinhole reduces the 
brightness of the image to almost 1/9th when compared with a 3 mm natural pupil.  Pinholes 
smaller than 1 mm introduce diffraction effects and further reduce retinal illumination 
(Rubin, 1969).  Lebensohn (1950) found that the 1.32 mm diameter pinhole to be the most 
effective because it produces the smallest blur circle size given the rivaling effects of 
diffraction, which enlarges the blur circle.  The standard pinhole diameter in a trial case is 1 
mm and is not as effective as it might be (Borish and Benjamin, 1998).  Michaels (1985) 
suggested the use of multiple pinholes rather than a single pinhole is to increase retinal 
illumination. 
When the optical quality of the eye is limited by diffraction, Rayleigh’s criterion 
states that two point resolution limit occurs when the first minimum of one diffraction pattern 
coincides 
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with the central maximum of the other diffraction pattern.  This can be calculated from 
Equation 2.1 in Section 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.  Light entering the eye may form an image in front, on or behind the retina.  For the 
emmetropic eye (solid lines) rays enter the eye and focus on the retina.  For the myopic eye (dark 
black lines) the rays focus in front of the retina. The rays continue and form a circular blur patch on 
the retina.  For the hyperopic eye (broken lines) the outer rays intersect the retina before the image is 
formed and this also forms a circular blur image on the retina.  When a pinhole is placed in front of 
the eye, the amount of light entering the eye is limited (red solid lines) and a smaller circular blur 
patch forms on the retina.  
  
Large pupil sizes do not form perfect point images because of aberrations.  However, 
for smaller pupil sizes, 2.4 mm or less, the human eye appears to be a diffraction limited 
system (Keating, 1988).  By using a simple thin lens and screen model, we can investigate the 
effects of diffraction on VA. 
Visual acuity is more complex than just two point resolution.  However, we can gain 
some insight by using Rayleigh’s criterion to estimate VA.  Consider a thin lens and screen 
model of the human eye with a 2.4 mm pupil size, then according to Rayleigh’s criterion the 
minimum angle of resolution for wavelength 555 nm is ( Equation 2.1.) 
θ =  
1.22 𝘹 555 𝘹 10−9 
0.0024    = 2.82 𝘹 10−4 = 0.97′ 
which gives a VA of 1.03 or 6/5.8 or 6/6 approximately. 
Myopia    Emmetropia      Hyperopia 
Pinhole 
Smaller blur red circular 
patch with pinhole                                                
Blurred red circular 
patch with normal pupil 
size 
Normal size 
pupil 
Retina 
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Clinically, the pinhole is used as tool to determine if poor VA is due to optical causes 
such as defocus or pathology.  If VA is poor because of defocus, then the pinhole effect will 
minimize defocus and increase VA.  If it is not because of defocus, then no improvement in 
VA will be achieved with the pinhole. 
When an emmetrope with good visual acuity looks through a pinhole, it introduces 
diffraction effects and VA may actually decrease.  Once again if we use a thin lens and screen 
model to predict the acuity while looking through a pinhole with a 1 mm diameter we obtain 
(Equation 2.1), 
θ =  
1.22 𝘹 555 𝘹 10−9
0.001   = 6.67 𝗑 10-4 = 2.33′ 
which corresponds to a VA of 0.43 or 6/13.8 or 6/14 approximately.  
For this case an emmetropic eye with 6/6 acuity looking through a pinhole of diameter 1 mm 
the expected VA would be about 6/15 (Keating, 1988). 
In practice visual acuities are measured monocularly.  In cases where best 
compensated visual acuities are 6/12 or worse, acuity measurements through a pinhole may 
reveal an improvement indicating the reduced VA may be of the refractive type.  If the 
pinhole does not show any improvement in the VA, it may be an indication that some ocular 
pathology is present.  However, VA is often enhanced with the use of a pinhole in cases of 
peripheral media opacities, irregular astigmatism and keratoconus (Keating, 1988). 
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5 Accommodation, Depth of Focus and Presbyopia  
When fixating a near object or target the eyes accommodate, converge and 
incyclorotate.  There is depression of gaze and a constriction of pupils.  Accommodation 
causes an increase in the optical power of the eye.  Convergence directs the eye towards the 
near object and pupil constriction increases the depth of focus and will thus assist 
accommodation in providing a clear image on the retina.  
Accommodation is the ability of the crystalline lens to focus clearly for objects at 
various distances.  The amplitude of accommodation is the maximum amount the eye can 
accommodate and is the dioptric difference between the near and far points of vision (Lou et 
al., 2007).  It declines approximately 0.25 D per year (Abolmaali et al., 2007).  When the 
push-up method is used to measure the amplitude, at 60 years of age only 0.75 to 1.50 D of 
accommodation remain (Duane, 1912).  This is largely due to depth of focus.  Hamasaki et al. 
(1956) found depth of focus effects of approximately 1.50 D at ages between 51 and 60 years. 
Depth of focus of the eye is the range of clear vision where the image appears not to 
have changed in contrast, clarity or form, and decreases as pupil size increases (Atchison et 
al., 1997).  This provides important information for the range of clear vision where different 
depth cues like target size, defocus and proximal information are present under natural 
viewing conditions (Vasudeven et al., 2005).  The depth of focus can be altered by spherical 
aberration which changes as a function of the level of accommodation.  Studies have shown 
that that spherical aberration becomes more positive with far accommodation and negative 
with near accommodation (Glasser and Campbell, 1998), and that depth of focus increases 
towards the direction of the intermediate, and not near or distance focal distance (Collins et 
al., 2002).  There are a few controversies regarding whether accommodation is the most 
influential factor contributing to the pupil response at near given that it has also been 
suggested that pupil constriction may also be as a result of other factors such as misalignment 
of the near target and perhaps proximal cues such as object size, fusional vergence and the 
effort to see clearly at near (Kasthurirangan and Glasser, 2006).  
The classical theory of accommodation as reported by Helmholtz (1909) states that, 
when the eye is focused for distance vision, the ciliary muscle is relaxed and the zonules, 
which are attached to the equator of the crystalline lens are held under tension to maintain the 
lens in its flattened state.  When accommodation takes place it causes a contraction of the 
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ciliary muscle which reduces the ciliary body’s diameter and releases the zonular tension.  
This allows the lens to decrease in diameter which causes an increase in the lens curvatures 
and an increase in dioptric power.  This decreases the lens’s focal length and enables near 
objects to be focused on the macula.  When accommodation is relaxed the ciliary muscle 
relaxes and returns to its unaccommodated state, the zonular tension increases and the lens is 
pulled back into its flattened state and the focal length then increases.  Studies have shown 
that the focal length of the un-accommodated lens increases from about age 35 to 65 years 
causing a hyperopic shift (Saunders, 1981) and then a myopic shift after the age of 65 years.  
This could be caused by a decrease in refractive index of the lens followed by an increase in 
the thickness of the lens.  These changes would have to be of sufficient magnitude to override 
the optical effects of the age related increase in curvature of the crystalline lens (Brown, 
1974).  This myopic shift is the result of the growth and forward movement of the lens with 
age (Bennett and Rabbetts, 1989).  The amplitude of accommodation decreases gradually 
from 14 D at age of ten to about 4.50 D at age 42 to zero at age 70.  This is illustrated in 
Figure 5.1 based on Donders’ (1864) table (Grosvenor, 1996). 
Presbyopia is an anomaly of accommodation brought about by changes in the 
structure of the crystalline lens with age (Glasser and Campbell, 1998).  The changes can be 
grouped into three categories; lens and capsule theories which consider changes in the 
elasticity of the lens and capsule; geometric theories which consider the changes in the 
geometry of the zonnular attachments of the lens and the extra lenticular theories which 
consider changes in the ciliary muscle and choroid (Atchison, 1995).  There are substantial 
changes in the lens with age.  The volume of a 60 year old eye is approximately 1/3 greater 
than that of a 20 year old and is likely to be a major factor in the aetiology of presbyopia. We 
might therefore expect the eye to become more myopic, but work done by Hemenger et al. 
(1995) confirms that this is likely to be offset by compensatory changes in the refractive 
index of the crystalline lens. 
Presbyopia is considered to be present when the amplitude of accommodation has 
decreased to 5 D or less.  This means the emmetropic eye will use all of its accommodation to 
see an object at 20 cm leaving nothing in reserve, and if used for prolonged periods may 
cause strain on the visual system  Absolute presbyopia is when the amplitude of 
accommodation is reduced to zero (Grosvenor, 1996).  Most, if not, all of our ability to 
accommodate is gone by the age 55 years (Gilmartin, 1995).    
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Figure 5.1.  Amplitude of accommodation as related to age.  Based on Donders’(1864) Table 
(Grosvenor, 1996). 
 
The effects of small pupils on accommodation, depth of focus and visual acuity 
Small artificial pupils have often been used to remove defocus cues to open the loop 
of the accommodation system, that is, to make the quality of the retinal image independent of 
the amount of accommodation being exerted to view an object at a given distance.  Pupils as 
small as 1 mm produce a depth of focus of up to 3.5 D (Charman and Whitefoot, 1977).  
Ward and Charman (1987) conducted an objective method to assess the effects of pupil size 
on the monocular steady-state accommodation response and to determine the pupil diameter 
required to achieve near open-loop conditions.  Their study indicated that pupil diameters of 
0.5 mm or less produced open-loop accommodation over a stimulus range 0 to 4.50 D.  
However, acuity declines because of diffraction and accommodation tends to fluctuate.  This 
probably suggests that loss of acuity rather than depth of focus are responsible for loss of 
accommodation.  Pupil diameters between 0.5 and 1 mm produce open-loop accommodation 
provided the stimulus used has vergences which lie within the ocular depth of focus.  Pupils 
of 1 mm or more do not adequately remove blur cues to produce open-loop accommodation.  
Miller and Johnson (1985) showed that 2 mm artificial pupils produce more under-
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accommodation when viewing near targets and that when the target becomes less distinct the 
accommodation response has a tendency to approach the intermediate resting position, which 
is in agreement with Collins et al. (2002). 
When the eye is viewing a target the accommodation response fluctuates by a small 
amount around the mean accommodation.  These fluctuations of accommodation are of low 
(0 to 0.5 Hz) and high (0.9 to 2.5 Hz) frequencies.  Campbell et al. (1959) found that the low 
frequency fluctuations of accommodation increase with small pupils.  Stark and Atchison 
(1997) did a study to determine how pupil size and mean accommodation response levels of 
1.5 D and 3 D interact to influence fluctuations of accommodation.  They conducted the 
study through four pupil sizes, 1, 2, 4 and 6 mm.  For most subjects, fluctuations of 
accommodation increase at higher mean accommodation response levels independent of pupil 
size.  However, only low frequency fluctuations of accommodation increase with the smaller 
pupils independent of mean accommodation response levels.  These results obtained, 
however, were in agreement with those of Campbell et al. (1959).  Pupil size and mean 
accommodation levels have independent effects on the fluctuation of accommodation.  
Gray et al. (1993) also investigated the effect of variations in artificial pupil diameters 
(0.5, 1, 2, 3, 4 and 5 mm) on the micro-fluctuations of accommodation.  For artificial pupil 
diameters equal to or less than 2 mm they also found that the low frequency fluctuations 
increase as a function of reducing pupil diameter, while for pupil diameters greater than 2 
mm the fluctuations were found to be relatively constant.  No systematic change in the higher 
frequency fluctuations with varying artificial pupil diameter was observed.  The results were 
also in agreement with the findings of Campbell et al. (1959).   
Optical methods can be used for controlling pupil size.  For example, the exit pupil of 
a Keplerian telescope or microscope can be used as an artificial pupil.  The size of the exit 
pupil is determined by the size of the aperture stop of the optical system and its image 
becomes the exit pupil of the system.  The image is usually coincident with the pupil of the 
eye.  All the light entering the aperture stop enters the pupil.  Optical systems that produce 
exit pupils coincident with the pupil of the eye are referred to as Maxwellian view optical 
systems (Jacobs et al., 1992).  Another example of an optical instrument that produces 
artificial pupils is the potential acuity meter (PAM).  The system can produce optical artificial 
pupils up to 0.5 mm in diameter.  They are also used in some interferometers for measuring 
visual acuity (Thibos, 1990).  
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Jacobs et al. (1992) compared visual performance with physical artificial pupils 
(pinholes) placed in the spectacle plane and optical artificial pupils imaged in the plane of the 
natural pupil by a Maxwellian view optical system.  They measured the effects of pupil 
diameter (0.5 to 5 mm in range) and defocus (–4 to 5 D) on MAR and angular blur disc 
diameters.  For pupils down to 2 mm no significant differences between the pupils were 
found.  However, the 0.5 mm physical artificial pupil caused the MAR to increase because of 
the diffraction limitations of resolution and defocus no longer affected the MAR.  The MAR 
values were in the range of 1 to 1.5′.  However, with the Maxwellian pupil better MAR was 
achieved (0.5′) because the maximum resolution could still be obtained because the pupil did 
not become diffraction-limited.  However, MAR was affected by defocus.  
Melki et al. (1999) compared the accuracy of a potential acuity pinhole (PAP) against 
the potential acuity meter (PAM), which has a Maxwellian pupil, in predicting visual 
outcomes after cataract surgery.  The subjects with cataracts were divided into three groups, 
mild cataracts (group 1), moderate (group 2) and dense (group 3) cataracts respectively.  
Postoperative best-corrected distance visual acuity (BCVA) was subtracted from predicted 
preoperative BCVA.  The PAP test predicted visual outcomes within 2 lines in 100%, 100%, 
and 56% of eyes with preoperative BCVA of 20/50 and better (group 1), 20/60 to 20/100 
(group 2), and 20/200 and worse (group 3) respectively. The PAM predictions within 2 lines 
for the same groups were 42%, 47%, and 0% respectively.  
Performing visual acuity screenings on large population groups can prove to be 
tiresome and time consuming.  The lack of human and other resources often prevent 
screenings to be performed at schools where large populations are present.  The purpose of 
screening is to identify subjects who have uncompensated visual impairments that may be of 
the refractive type.  A pinhole disc is commonly used to test for this (Naidoo and Govender, 
2002).  A study done by Loewenstein et al. (1985) on the efficiency of the pinhole method 
for visual acuity screening showed that of 1793 subjects screened, 259 (14.4%) read 3 or less 
letters with the worst eye on the 6/12 line.  Of the 259, 123 (47.4%) read more than 3 letters 
while looking through a 1.2 mm diameter pinhole.  Pinholes have also shown to improve 
visual function in subjects who have nuclear and posterior subcapsular cataracts.  Baraldi et 
al. (1986) presented a patient who had a posterior subcapsular cataract.  Best compensated 
VA was 20/200.  When a 1.5 mm pinhole was placed over the correction, VA improved to 
20/40.  
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Miller and Johnson (1977) wanted to quantify the pinhole effect.  They cyclopleged 
one eye of a subject with normal vision.  They used a Snellen chart at 20 ft illuminated by 75 
foot candles and recorded the VAs of the cyclopleged eye through pinholes of different sizes 
by placing plus lenses of increasing power in front of the pinholes.  With the 0.5 mm pinhole 
and an artificial refractive error of 8 D, the subject could see the 20/40 line.  With a refractive 
error of 12 D the 20/70 line was seen.  With a 1 mm pinhole the 20/40 line was seen with a 5 
D refractive error.  With a 9 D refractive error, the VA dropped to 20/200.  The disadvantage 
of the pinhole is that the illumination of the light entering the eye is reduced and it constricts 
the visual field.  In summary they found that the pinhole can have an astounding effect on 
visual acuity especially with good illumination.  They felt that it may be very beneficial for 
aphakic patients whose refractive errors are less than 10 D. 
A study done by Yuda et al. (2010) showed that in industrialized countries, especially 
in Asia, myopia is prevalent in school-aged children.  A large number of school-aged children 
suffer from low VA.  With therapy training, by stimulating quick cycles of near/far 
accommodation, 85% of subjects experienced an improvement in VA.  Observation of pupil 
size during the training showed that pupil size decreased from 3.9 mm to 3.5 mm and that 
may have contributed to the increase in VA by reducing spherical aberration and increasing 
depth of focus.  
In compound bow archery, low positive powered lenses may be used to magnify the 
target.  The lens is placed on the bow approximately 70 cm in front of the eye.  A pinhole of 
about 1 mm in diameter is placed in the string of the bow at an adjustable level so that the 
archer can look through it.  Strydom and Ferreira (2010) showed the pinhole reduces any 
defocus caused by the archer’s refractive error and the magnification caused by the lens. 
The effect of test charts and illumination on visual acuity 
There have been several recommendations made regarding background luminance 
levels at which VAs should be measured.  Sloan (1951) suggested a range of 30-57 cd/ m2 
while according to Sheedy et al. (1984) in the USA, Working Group 39 of the Committee on 
Vision of the National Research Council recommends 85.5 cd/m2.  The International 
Standards Organization and the Councilium Ophthalmologicum Universale (1984) say it is 
difficult to establish a uniform test luminance standard among nations.  For example, the 
current recommended practice in the United States of America is to use a test luminance of 
85 cd/m2, in Germany the level is 300 cd/m2 while in the United Kingdom the minimum test 
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luminance is 120 cd/m2.  For clinical purposes it is recommended that test chart luminance 
not be less than 80 cd/m2.  It is also recommended that the luminance level used be specified.  
Relatively high luminance levels reduce the effect of modest variations in luminance.  This is 
desirable for purposes of comparing visual acuity data obtained in different clinical settings.  
Relatively low luminance levels result in larger pupil sizes and reduced depth of field.  
Sheedy et al. (1984) showed that optotypes also have an influence on VA.  Landolt C 
acuities appeared to be less affected by luminance than letter acuities.  This may be related to 
the fact that identification of letters may be more complex than identification of Landolt C 
orientations.  Raasch et al. (1998) have shown that letter charts show a better repeatability of 
VA measurements, however, they were not clinically significant.  A study done by Pointer 
(2008) showed that letter charts give better results than Landolt C charts by 3 letters on a 
logMAR chart.  Another point to consider is the type of chart used.  A study was conducted 
by Elliot et al. (1995) on VA changes throughout adulthood.  They collected data from 
studies done by Pitts (1982) and Weale (1975) who used Snellen acuity charts and compared 
them with their own study that used logMAR charts.  Their mean VA scores for subjects 
under 50 years of age were about 0.1 log units better (1 line) and for subjects of about 70 
years of age, 0.15 to 0.2 log units (2 lines) better.  They suggested that better acuity scores 
were probably the result of using non-truncated logMAR charts whereas the Snellen charts 
used by Pitts and Weale were truncated.  LogMAR charts have five letters on each line of 
equal legibility and the geometric progression of letter size from one line to the next  provide 
equal increments of legibility  The reduction in letter size on logMAR charts is continuous 
whereas Snellen letter are not.  If one compares the charts, 6/6 Snellen acuity is equivalent to 
0 log units.  However, when VA is better than 6/6, Snellen charts jump to 6/4.5 and then to 
6/3 respectively which is equivalent to –0.12 and –0.3 log units respectively.  The 0.1 and 0.2 
log units are ignored.  If the patient cannot identify the letters on the 6/4.5 line, VA is 
recorded as 6/6.  If the logMAR chart is used, the patient may be able to identify the letters 
on the –0.1 line and maybe some on the –0.2 lines which does, however, show a one or two 
line improvement.  LogMAR charts have become the standard for clinical research and are 
also widely used in low vision clinics.  The advantages this chart has over the traditional 
Snellen chart is the provision of non-truncated data down to –0.3 logMAR (6/3 VA).  The 
chart has five letters on each line of equal legibility and the geometric progression of letter 
size from one line to the next also provide equal increments of legibility (Westheimer, 1979). 
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Visual acuity is the most popular method of screening individuals to determine if they 
meet various visual requirements in the home or in the work place, for example, for reading 
and driving a motor vehicle.  The screenings are usually performed in photopic conditions 
under high luminance and with high contrast test charts.  There are, however, occupations 
that require good visual acuity under low luminance and low contrast conditions, for 
example, night-watchmen and policemen.  Johnson and Casson (1995) did a study on how 
low luminance, low contrast and defocus interact to influence VA.  VA measurements were 
obtained from four subjects using Landolt C targets of varying contrast (97% to 20%) and 
background luminance (75 to 0.075 cd/m2) for levels of defocus between 0 and 8 D.  They 
showed VA was affected by all three variables simultaneously and are therefore additive.  
They showed that a person with 6/6 acuity under high-luminance and high-contrast 
conditions will fall to 6/18 acuity under low-luminance conditions and to 6/30 under low-
luminance low-contrast conditions.  A person with 6/30 acuity under normal photopic 
conditions will fall to about 6/120 under low-luminance and to 6/240 under low-luminance 
low-contrast conditions. 
Refractive errors can be determined by looking at a target through a pinhole and 
moving the pinhole from side to side.  If the target observed appears to move opposite to the 
direction of the movement (against movement) of the pinhole, the eye is hyperopic.  If the 
target appears to move in the same direction (with movement), the eye is myopic.  In the case 
of the emmetropic eye a slight with movement can be observed because of the normal 
positive spherical aberration of the eye.  In the presbyopic eye, the near point (punctum 
proximum) can be determined by moving the pinhole from side to side and reducing the 
distance of the target until the apparent movement stops (Croyle, 1950).  The near point will 
then be the distance from the pinhole to the target. 
The pinhole is often used as a diagnostic tool for detecting suspected pathology and 
may even reveal the extent to which surface distortions or astigmatic irregularities such as 
kerataconus are affecting the eye’s VA when the best spectacle compensation is worn before 
the eyes.  However, when visual improvement is significant with the pinhole, ocular 
pathology may not be totally ruled out because the loss of vision may also be a combination 
of both ocular disease and refractive error.  The pinhole does not improve VA in cases of 
amblyopia, central cataract and macula disease although in some cases the refractive 
correction does improve VA (Rabbetts, 2007).   
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Demers-Turco et al. (1992) found that the pinhole test did not always predict the 
potential for better vision on visually impaired or low vision patients.  They found that of the 
34 low vision subjects tested, the VA of 18 improved after refraction despite pinhole testing 
finding no change in vision.  Eagan et al. (1999) also showed that the pinhole test is not 
always a reliable method for performing visual screenings in the elderly and low vision 
patients.  They performed pinhole screenings (1.5 mm) on 64 adult low vision patients 
followed by a normal refraction.  Forty subjects’ VA improved after refraction of which the 
pinhole correctly predicted only 20.  The pinhole showed either no difference or deterioration 
in acuity.  It appeared to be less reliable when improvements in post refraction were small.  
They showed that loss of luminance while looking through the pinhole contributed towards 
the loss of VA and inaccurate measurements.  They concluded that the pinhole should not be 
used as a tool for screening for the elderly and low vision patients.  Calderwood and Jacobs 
(1993) proposed that loss of illumination associated with a pinhole was a cause of reduction 
of VA which is in agreement with Rabbetts (2007).  Eagan et al. (1999) found that reducing 
the illumination of the test chart to the equivalent illumination while looking through the 
pinhole, similar pinhole VA was obtained. 
The post-surgical VA level at which cataract surgery is considered successful is 6/12 
or better (Schein et al., 1994)  The pinhole test is a test that every eye-care practitioner should 
perform when taking VA measurements or an attempt to predict visual outcomes after 
refraction or cataract surgery.  Mavroforou and Michalodimitrakis (2003) reported that the 
most common cause of patient litigation in the USA is poor visual outcome in patients who 
had cataract and macular disease before cataract surgery.  Vianja-Estopa et al. (2009) 
compared potential vision tests (PVT) to clinical judgement (based on patient history and 
ocular examination alone) to predict postoperative VA after cataract surgery.  The aim was to 
assess whether PVTs should be used in clinical practice to guide the clinician when there is 
uncertainty over the likely visual improvement after cataract surgery.  The cataracts were 
divided into three categories, mild, moderate and advanced.  Pre and post cataract surgery 
distance and near VAs were measured using a 1 mm pinhole, a potential acuity meter (PAM), 
an interferometer and clinical judgement. When using the pinhole the chart was illuminated at 
500 cd/m2 and 1300 cd/m2  for distance and near respectively.  Preoperative predictions to 
within 2 lines of postoperative VA showed that the illuminated pinhole showed equal and 
better results for mild and moderate cataracts when compared to clinical judgement.  
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However, the results were very poor when predicting with advanced cataracts.  The PAM and 
interferometer were inaccurate and they advised they should not be considered for PVT.  
Visual acuity has always been found to be a determining factor regarding quality of 
life. There has also been increasing interest in the quality of life in patients with age related 
macular degeneration (ARMD).  Other than visual acuity, contrast sensitivity (CS) has been 
receiving a considerable amount of attention.  Contrast sensitivity has been shown to be 
important for recognizing low contrast objects such as faces and moving objects.  Bansback 
et al. (2007) designed a study to examine whether the contribution of CS has any effect on 
improving health related quality of life and health utilities over and above that of VA.  Two 
hundred and nine subjects with unilateral or bilateral ARMD participated in the study.  VA 
and CS tests were performed and then the participants completed a vision function 
questionnaire, the VF-14 and HU13.  The study revealed that CS was an important factor 
even when VA was included.  They maintain that CS should be incorporated over and above 
VA when assessing patients with ARMD.  Most ophthalmologists rely solely on VA to make 
important decisions regarding the management of patients with ARMD and consider CS to 
have low importance.  
Abdul et al. (2009) conducted a pilot study on the effect of pinholes of two different 
sizes (1.5 mm and 2 mm) on VA under different refracting states and ambient lighting 
conditions.  Four subjects were used and their ages ranged from 7 to 12 years.  Subjective 
refractions were performed on all subjects and then VAs were measured under two different 
lighting conditions, 460 lux and 1 lux respectively.  Plus lenses were added to the subjective 
refractions in 1 D steps to relax accommodation and then near VAs recorded.  The procedure 
was then repeated through the 1 and 1.5 mm pinhole until a VA of 6/60 was obtained.  The 
exercise was then repeated but by adding minus lenses to the subjective refractions to 
stimulate accommodation.  The study showed that all subjects improved by at least two lines 
through both pinhole sizes under high illumination conditions suggesting that neither pinhole 
size had an advantage over the other.  However, this was not the case under scotopic 
conditions.  Visual acuity did not improve and this may have been as a result of reduced 
illumination caused by the pinhole.  
As mentioned in Section 4, a 1 mm pinhole reduces the illumination of a target to 
approximately 1/9th when compared with a 3 mm diameter pupil.  It is well known that chart 
luminance affects VA.  The greater the luminance, the better the VA and that as higher 
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luminances are reached (scotomatic or veiling glare) VA decreases.  Studies done by König 
(1897) suggest that VA reaches a maximum value at a luminance of 200 cd/m2. 
New pinhole technology 
It has been well documented that people who suffer visual impairment of the 
refractive type can be improved by looking through a small pinhole.  Ophthalmologists are 
now experimenting with corneal inlays that give a pinhole effect for emmetropic presbyopic 
patients.  The inlay is a 3.8 mm micro perforated polyvinylidine fluoride disc 5 μm thick (the 
same thickness of the corneal endothelium) with a 1.6 mm hole in the centre (Waring, 2010).  
The perforated disc comprises 1600 micro-holes (25 µm diameter) arranged in a randomized 
pattern to allow nutritional flow through the disc to sustain the viability of the stromal tissue 
and to prevent corneal thinning and decompensation of the epithelial layer.  The inlay is 
implanted into the cornea at a depth of 210 μm after the creation of a corneal flap and pocket 
incorporated by a femtosecond laser where the inlay is situated.  The inlay is centred on the 
line of sight of the patient’s non-dominant eye.  The advantage of the pocket is that the inlay 
is fixed so that binocular vision is maintained.  The inlay is removable and the peripheral 
nerves of the cornea are preserved which maintains the corneal sensitivity. 
Seyeddain et al. (2010) evaluated the safety and efficacy of the AcufocusTM Corneal 
Inlay 7000 (ACI7000) on 32 emmetropic presbyopic subjects who had the implants for the 
improvement of near and intermediate vision.  The subjects were monitored over a two year 
period.  The inlay was placed in the non-dominant eye.  The criteria for the study were 
emmetropic subjects between the ages of 45-55 years with uncompensated near VA worse 
than 6/12 and better than 6/30 in the eye that was to have the inlay.  The uncompensated 
distance VA had to be 6/6 in both eyes.  The results showed that after the two year follow-up 
the mean binocular uncompensated near VA before the inlay improved from J6 (6/12) to 
J1(6/6).  The mean uncompensated intermediate VA improved from 20/32 to 20/25.  Mean 
binocular uncompensated VA improved from 20/20 to 20/16. 
García-Lázaro et al. (2012) conducted a study on the effects of different contact lens–
based artificial pupil designs on visual performance.  Presbyopic patients that were close to 
emmetropic were evaluated by placing four artificial pupils of different diameters on the non-
dominant eye and then comparing vision performance.  The advantage of the pinhole contact 
lenses is that they do not create a monovision state.  The results showed that good distance 
VA, functional intermediate vision and poor near vision was obtained with the contact lens.  
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Contrast sensitivity worsened and stereoacuity showed no significant difference at near.  The 
visual performance did not improve with decreasing pupil size.   
If the pinhole is useful diagnostically then surely it is potentially useful otherwise.   
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6 Measuring Uncompensated (without pinhole) and Compensated 
(with pinhole) Proximal Visual Acuities in Photopic and Scotopic 
Conditions through Pinholes of Different Diameters 
Uncompensated near or proximal VAs were measured and recorded on one eye of 45 
presbyopic subjects over the age of 50 years in photopic (250 lux) and then scotopic (20 lux) 
conditions.  The number of subjects and ages were chosen arbitrarily.  There were 36 male 
and 9 female subjects.  Their ages ranged between 50 and 74 years with an average of 59 
years (SD = ±7.52 years).  The ambient room illumination for photopic conditions was 
measured using a Sekonic Lumi Model 246 light-meter.  No visual or pathological conditions 
or requirements were set for the subjects.  The subjects were asked to read the smallest letters 
on the near chart by moving their head closer or further away from the chart at the distance 
that gave the best acuity.  The chart used was the Lighthouse Near Visual Acuity Test 
(second edition) with modified ETDRS (Early Treatment for Diabetic Retinopathy Study) 
Sloan letters.  The VA measurements were then repeated and recorded while the subjects 
looked through 9 different pinhole diameters, one at a time, namely 0.6 mm, 1 mm, 1.2 mm,  
1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm and 4 mm respectively.  Trial lens-sets usually have 
pinholes of diameter 0.6, 1, 1.2 and 1.5 mm.  These diameters were chosen together with 
larger ones.  The pinholes were drilled in plastic occluders of 1 mm thickness by Technical 
Services of the University.  The VA measurements through the pinholes will be referred to 
here as compensated VAs.  (We note that this is somewhat unconventional usage; the 
refractive errors are not compensated).  Four identical charts with differing arrangements of 
letters were used randomly while looking through the different size pinholes to prevent 
memorizing of the letters.  The same procedure was repeated for scotopic conditions except 
that an ordinary white candle light was used to simulate scotopic conditions as used by 
people who do not have any electricity and candles are their only source of light.  The candle 
was lit in a completely dark room and placed next to the chart.  The light-meter was then 
placed on the chart and the illumination of 20 lux was recorded.  A lamp with a rheostat on 
the switch to adjust the light intensity was used to simulate 20 lux and used for the subjects.  
The lighting conditions were not ambient, with only 20 lux reflecting off the chart.  All tests 
were performed in the same room maintaining identical settings to avoid external 
distractions.  Each subject spent approximately 25 to 30 minutes doing the study. 
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All subjects who participated in the study were made aware of the purpose and 
methodology and consent was obtained from each participant by means of a signed consent 
form (see Appendix 1).  All investigations and measurements performed in this study adhered 
to the rules and regulations of the Declaration of Helsinki and were approved by the Ethics 
Committee of the University of Johannesburg. 
All uncompensated VAs in both conditions were compared with the compensated 
VAs.  The reason for using pinholes of different sizes was to determine which size pinhole or 
pinholes gave the best compensated MAR. 
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7 Data Analysis 
Two separate, yet related analyses were conducted, a conservative measurement and 
an adjusted measurement analysis.  Each complete row of letters on the near test chart 
corresponds to an M value and there are five letters per line.  For the conservative 
measurement, the subject was asked to read as many letters as possible on the chart at any 
distance that gives the best acuity.  The M value of the last complete line read on the near 
chart was recorded and the minimum angle of resolution (MAR), θ computed.  If the subject 
could not read the entire line, then they did not resolve that angle.  For the adjusted 
measurement, if all the letters are read on a particular line and n on the next, the θ is 
computed that includes the last n letters. 
MAR data was used for data analysis because it has limits and these limits have 
physical meaning.  Physiologically the visual field of a single human eye is about 150o 
laterally and about 125o vertically.  The smallest angle resolvable by the human eye is less 
than 1′ but greater than zero (Grosvenor, 1996).  An MAR of zero is not achievable since this 
corresponds to perfect resolution of a zero size object at an arbitrary large distance.  
Similarly, an MAR of 150o or greater corresponds to an inability to discern objects which 
span the entire visual field – one might consider such a condition as a definition of total 
blindness.  One can perform a statistical analysis in MAR in a well-defined way. 
Initially no requirements were set for the subjects that participated in the study.  If any 
subject had any form of pathology or amblyopia it was not known.  The purpose of the study 
was to take any willing participant provided they were 50 years of age or older and see what 
improvement in MAR and VA could be achieved.  Before and after letter counts were also 
recorded and analyzed.  
The smaller the MAR of a subject, the greater amount of detail discernable, hence the 
better the VA of the subject.  Given an unaided MAR θi and an aided MAR θi′, of a given 
pinhole, for a subject i we define the difference in MAR (DiffMAR) as  
Δθ𝑚  =  θ𝑚 −  θ𝑚′                                                       (7.1)           
In this way positive Δθi corresponds to improvement in VA and a negative 
corresponds to deterioration in VA when using a particular pinhole.  When Δθi is zero there 
is no change in VA.  Difference MAR values were computed for conservative 
44 
 
(DiffConMAR) and adjusted (DiffAdjMAR) measurements in both photopic and scotopic 
conditions.  Similarly, differences in letter counts were computed (DiffConLetters and 
DiffAdjLetters).  Note the improvements in letters counts show negative values while 
positive values show deterioration.  We define, for a given pinhole, the mean difference 
MAR (Δθ����) as 
Δθ���� = 1
𝑁
 �  Δθ𝑚𝑁
𝑚=1
                                                              (7.2)    
where Δθ𝑚 is the difference in MAR of subject i using the given pinhole.  Mean differences in 
MAR were calculated for conservative (DiffConMAR) and adjusted (DiffAdjMAR) 
measurements. 
The relative performance of a pinhole as a visual aid is determined by computing the 
fractional change in VA when using that given pinhole as a visual aid versus the unaided VA, 
ΔΘ𝑚 = Δθ𝑚  θ𝑚                                                                (7.3) 
Conservative (FracDiffConMAR) and adjusted (FracDiffAdjMAR) fractional 
difference MAR values were computed for each pinhole over all subjects.  
We define the mean fractional differences MAR for a given pinhole over all N 
subjects as  
ΔΘ���� = 1
𝑁
 �  ΔΘ𝑚                                                                   (7.4)𝑁
𝑚=1
 
Again, conservative (FracDiffConMAR) and adjusted (FracDiffAdjMAR) mean fractional 
difference MAR values were computed for each pinhole over all subjects. 
We compute fractional differences to remove baseline values from the data.  As such, 
is a relative measure characterized by a unitless number.  It is these properties that make the 
fractional difference a useful measure by which we quantify change.  For example, four 
Subjects, A, B, C and D have uncompensated MARs of w, x, y and z respectively.  If the 
computed MAR mean fractional difference values for the four subjects is 0.5 or 50%, then on 
average Subjects A, B, C, and D will each experience a 50% change in MAR on average.  A 
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fractional difference of 0 means no change in MAR.  A positive value is an improvement 
while a negative is deterioration.  Fractional differences will never reach a value of 1 because 
that would imply an unrealistic MAR θi′ of 0.  For this study we are only interested in mean 
fractional difference MAR.  
8 Results and Discussion 
The subjects’ refractive errors are shown in a stereo-pair scatter plot in symmetric 
dioptric power space in Figure 8.1.  (The raw data is listed in Appendix 3.)  Axis I represents 
the stigmatic component or nearest equivalent sphere (NES) of the refractive error.  Axis J 
represents the 180/90 Jackson crossed cylinder or ortho-antistigmatic component and K is the 
45/135 Jackson crossed cylinder or oblique-antistigmatic component.  The NES of the 
refractive errors ranged from   ̶ 7.50 to 2 D.  The mean refractive error in conventional or 
clinical notation was   ̶ 1.46 / ̶  0.42 𝗑 6 and  in scientific or matrix notation ( ̶ 1.6722, 0.2035, 
0.0425) D.  See Appendix 2 for further information on dioptric power and symmetric dioptric 
power space.  Appendix 3 shows the clinical and matrix representations of the subjects’ 
refractive errors respectively.  Appendix 4 shows the raw data recorded for all subjects.  
 
Not all subjects benefitted from the pinholes.  Tables 8.1 and 8.2 show the mean 
conservative and adjusted values for photopic conditions respectively while Figures 8.2 and 
8.3 show the standard deviations.  Unaided (UA) measurements were recorded and then 
recorded through the different size pinhole diameters.  On average, mean difference 
conservative and adjusted MAR (DiffConMAR and DiffAdjMAR) showed positive results 
5  I
5  K
5  J
5  I
5  K
5  J
Figure 8.1.  Stereo-pair scatter plot of the subjects’ refractive errors.  Each dot represents one measurement.  
Each tick interval represents 1 D and the origin of the graph is at (0, 0, 0) D.  
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and more letters (DiffConLetters and DiffAdjLetters) were read on the chart through all the 
pinholes.  However, mean fractional difference MAR (FracDiffConMAR and 
FracDiffAdjMAR) showed improvements for both conservative and adjusted photopic 
conditions only while looking through pinhole diameters of 1.2, 1.5 and 2 mm respectively.  
The conservative mean fractional difference MAR improvements for all three pinholes 
respectively were 0.175 (±0.45) or 17.5%, 0.137 (±0.490) or 13.7% and 0.097 (±0.50) or 
9.7%.  The standard deviations are shown in brackets.  The adjusted results were marginally 
better with mean values of 0.179 (±0.43) or 17.9%, 0.149 (±0.47) or 14.9% and 0.099 (±0.47) 
or 9.9% respectively.  The 0.6 mm pinhole performed the worst for both conditions with 
deteriorations of 0.543 (±1.13) or 54.3 % and 0.518 (±1.02) or 51.8% respectively.  
The scotopic results shown in Tables 8.3 and 8.4 show that for both, conservative and 
adjusted fractional difference MAR improvements, the 1.5 mm pinhole performed the best 
followed by the 1.2 mm and then the 2 mm pinhole.  The improvements for the respective 
pinholes were 0.131 (±0.65) or 13.1%, 0.140 (±0.58) or 14%, 0.114 (±0.49) or 11.4% and 
0.127 (±0.48) or 12.7% and 0.110 (±0.47) or 11% and 0.115 (±0.44) or 11.5%.  The 0.6 mm 
pinhole also performed the worst with deteriorations of 0.646 (±1.37) or 64.6% and 0.634 
(±1.32) or 63.4% respectively. 
 
Table 8.1.  Mean MAR values computed for all subjects for conservative photopic conditions. 
 mm ConLetters ConMAR DiffConMAR DiffConLetters FracDiffConMAR FracDiffConLetters 
UA 80.000 4.287 0.000  0.000  0.000  0.000 
0.6 83.778 4.109 0.178 -3.778 -0.543 -0.079 
1.0 87.444 3.357 0.930 -7.444 -0.178 -0.125 
1.2 91.222 2.351 1.936 -11.222  0.175 -0.174 
1.5 90.333 2.561 1.726 -10.333  0.137 -0.161 
2.0 87.778 2.635 1.652 -7.778  0.097 -0.128 
2.5 84.111 3.232 1.055 -4.111 -0.086 -0.079 
3.0 82.111 3.878 0.409 -2.111 -0.255 -0.049 
3.5 81.222 3.923 0.364 -1.222 -0.184 -0.036 
4.0 81.333 3.392 0.895 -1.333 -0.074 -0.036 
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Figure 8.2.  Mean fractional difference MAR (ΔΘ����)  and standard deviations for all pinhole diameters 
for photopic conservative conditions.  
 
 
 Table 8.2.  Mean MAR values computed for all subjects for adjusted photopic conditions. 
mm Letters AdjMAR DiffAdjMAR DiffAdjLetters FracDiffAdjMAR FracDiffAdjLetters 
UA 81.311 4.060 0.000  0.000  0.000  0.000 
0.6 84.978 3.898 0.161 -3.667 -0.518 -0.074 
1.0 88.867 3.188 0.872 -7.556 -0.173 -0.122 
1.2 92.356 2.237 1.822 -11.044  0.179 -0.166 
1.5 91.756 2.387 1.672 -10.444  0.149 -0.158 
2.0 88.778 2.514 1.546 -7.467  0.099 -0.119 
2.5 85.800 3.015 1.045 -4.489 -0.047 -0.080 
3.0 83.822 3.585 0.475 -2.511 -0.224 -0.052 
3.5 82.644 3.694 0.366 -1.333 -0.170 -0.036 
4.0 82.511 3.253 0.807 -1.200 -0.085 -0.031 
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Figure 8.3.  Mean fractional difference MAR (ΔΘ����) and standard deviations for all pinhole diameters 
for photopic adjusted conditions. 
 
 
 
Table 8.3.  Mean values computed for all subjects for conservative scotopic conditions. 
mm ConLetters ConMAR DiffConMAR DiffConLetters FracDiffConMAR FracDiffConLetters 
UA 80.000 4.279 0.000  0.000  0.000  0.000 
0.6 83.333 4.253 0.026 -3.333 -0.646 -0.074 
1.0 87.000 3.494 0.785 -7.000 -0.273 -0.120 
1.2 90.889 2.436 1.843 -10.889  0.114 -0.170 
1.5 90.333 2.561 1.718 -10.333  0.131 -0.161 
2.0 87.889 2.596 1.683 -7.889  0.110 -0.129 
2.5 84.111 3.227 1.052 -4.111 -0.091 -0.079 
3.0 82.111 3.862 0.416 -2.111 -0.256 -0.049 
3.5 81.333 3.899 0.379 -1.333 -0.179 -0.037 
4.0 81.111 3.416 0.862 -1.111 -0.097 -0.033 
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Figure 8.4.  Mean fractional difference MAR (ΔΘ����) and standard deviations for all pinhole diameters 
for scotopic conservative conditions.  
 
 
 
Table 8.4.  Mean values computed for all subjects for adjusted scotopic conditions.  
mm Letters AdjMAR DiffAdjMAR DiffAdjLetters FracDiffAdjMAR FracDiffAdjLetters 
UA 81.311 4.051 0.000  0.000  0.000  0.000 
0.6 84.444 4.058 -0.006 -3.133 -0.634 -0.068 
1.0 88.511 3.291 0.760 -7.200 -0.250 -0.118 
1.2 92.044 2.306 1.746 -10.733  0.127 -0.163 
1.5 91.711 2.392 1.659 -10.400  0.140 -0.158 
2.0 88.933 2.474 1.578 -7.622  0.115 -0.121 
2.5 85.800 3.010 1.041 -4.489 -0.052 -0.080 
3.0 83.800 3.575 0.476 -2.489 -0.227 -0.052 
3.5 82.711 3.678 0.373 -1.400 -0.170 -0.037 
4.0 82.244 3.281 0.770 -0.933 -0.112 -0.028 
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Figure 8.5.  Mean fractional difference MAR (ΔΘ����) and standard deviations for all subjects for   
scotopic adjusted conditions.  
 
The mean difference MAR showed improvements for all pinhole diameters except for 
adjusted scotopic conditions where the 0.6 mm pinhole showed a mean deterioration  
( ̶  0.006).  (See Table 8.4).  However, mean fractional difference MAR results showed mean 
improvements only for three pinhole sizes, namely 1.2, 1.5 and 2 mm respectively.  The 
reason is that when calculating means for differences in MAR the sum of the difference 
MARs is equal to the difference of the sum of MARs.  This, however, is not so for fractional 
differences (see Equation 7.2).  
Reading more letters through the pinhole compared to the uncompensated does not 
necessarily mean an improved visual acuity.  For example, bringing the chart closer to the 
eye increases the angle of the letter subtended at the nodal point of the eye.  More often than 
not people think they are seeing better (improving VA) by bringing the object closer.  If more 
letters are read by bringing the chart closer and the angle the letter subtends is less than the 
uncompensated angle, MAR is reduced and VA improves.  For this study we are only 
interested in mean fractional difference MAR.  
Not everyone’s MAR or VA improved while looking through the pinholes.  Many of 
the subjects may have had some form of pathology and the mean results obtained may not 
give a true reflection of the potential effect the pinhole may have on vision.  So the numbers 
were reworked on a subset of the subjects that showed improvement.  Table 8.5 shows the 
number of subjects and percentages of the 45 subjects (in brackets) whose MARs did 
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improve through the respective pinhole diameters.  Figures 8.6 to 8.9 show the percentage of 
subjects that benefitted from the different size pinholes under the different conditions 
respectively.  Tables 8.6 and 8.7 show the mean values for photopic conservative and 
adjusted measurements respectively.  The mean fractional difference MAR and standard 
deviations are shown graphically in Figures 8.10 and 8.11.  Tables 8.8 and 8.9 show the mean 
values for scotopic conservative and adjusted measurements respectively while Figures 8.8 
and 8.9 shows the mean fractional difference MAR and standard deviations. 
 
Table 8.5.  The number and percentage (in brackets) of subjects whose VA improved through the 
various pinhole diameters. 
                      Photopic                     Scotopic  
Diameter in mm Conserv   Adjusted       Conserv   Adjusted  
0.6  17(38%)    17(38%)  10(22%)    13(29%) 
1.0  17(38%)    18(40%)   12(27%)    12(27%) 
1.2  30(67%)    30(67%)  27(60%)    26(58%) 
1.5  28(62%)    28(62%)  25(56%)    24(53%) 
2.0  25(56%)   27(60%)   26(58%)    26(58%) 
2.5  21(47%)   25(56%)  23(51%)    23(51%) 
3.0  17(38%)   20(44%)   22(49%)  23(51%) 
3.5  19(42%)    20(44%)  24(53%)    25(56%) 
4.0  19(42%)    23(51%)   19(42%)    17(38%) 
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Figure 8.6.  The percentage of the subjects for which MAR improved for each pinhole diameter for 
conservative photopic conditions. 
 
 
 
 
Figure 8.7.  The percentage of the subjects for which MAR improved for each pinhole diameter for 
adjusted photopic conditions. 
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Figure 8.8.  The percentage of the subjects for which MAR improved for each pinhole diameter for 
conservative scotopic conditions. 
 
 
 
 
 
Figure 8.9.  The percentageof the subjects for which MAR improved for each pinhole diameter for 
adjusted scotopic conditions. 
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Table 8.6.  Mean values for improved photopic conservative conditions. 
mm ConLetters ConMAR DiffConMAR DiffConLetters FracDiffConMAR  
 0.6 84.118 3.735 3.775 -13.824 0.415  
 1.0 84.118 3.447 4.198 -16.176 0.452  
 1.2 90.833 2.104 3.220 -15.167 0.438  
 1.5 89.107 2.405 3.238 -14.286 0.449  
 2.0 88.000 2.476 3.551 -13.200 0.457  
 2.5 81.190 3.420 3.381 -10.238 0.401  
 3.0 79.118 3.249 3.881 -8.235 0.389  
 3.5 78.158 4.214 2.811 -6.842 0.344  
 4.0 79.211 3.653 3.229 -6.053 0.353  
  
 
 
 
 
 
Figure 8.10.  Mean fractional difference MAR (ΔΘ����) and standard deviations for improved 
photopic conservative conditions. 
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Table 8.7.  Mean values for improved photopic adjusted conditions.     
mm AdjLetters AdjMAR DiffAdjMAR DiffAdjLetters FracDiffAdjMAR FracDiffAdjLetters 
 0.6 85.059 3.619 3.480 -13.294 0.409 -0.221 
 1.0 85.778 3.237 3.731 -15.944 0.431 -0.268 
 1.2 91.000 2.020 3.027 -14.467 0.432 -0.226 
 1.5 90.429 2.248 3.088 -14.179 0.450 -0.222 
 2.0 88.852 2.416 3.041 -11.481 0.406 -0.185 
 2.5 83.840 3.014 2.673 -9.200 0.342 -0.155 
 3.0 81.650 2.959 3.218 -7.350 0.341 -0.130 
 3.5 80.750 3.786 2.521 -5.850 0.316 -0.107 
 4.0 81.739 3.325 2.486 -4.826 0.283 -0.085 
  
 
 
 
 
 
Figure 8.11.  Mean fractional difference MAR (ΔΘ����) and standard deviation for improved 
photopic adjusted conditions.   
 
For conservative photopic conditions the 2 mm pinhole showed the best mean 
fractional difference MAR of 0.457 (±0.22) followed by the 1 mm 0.452 (±0.2) and then the 
1.5 mm (0.449) (±0.23) respectively (see Table 8.6).  The 1.2 mm (0.438), 0.6 (0.415) and the 
2.5 (0.401) followed closely with mean fractional differences between 0.457 and 0.449 
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respectively.  The larger diameters, 3 mm, 4 mm and 3.5, featured the worst with mean 
fractional difference MARs of 0.389, 0.353 and 0.344 respectively.  The adjusted mean 
fractional difference results showed the 1.5 mm (0.450) (±0.22) to be best followed by the 1.2 
(0.432) (±0.24) and then the 1 mm (0.431) (±0.22) respectively (see table 8.7).  The 0.6 mm 
and the 2 mm diameter followed with mean fractional difference MARs of 0.409 and 0.406 
respectively.  The 2.5 mm, 3 mm and 3.5 mm diameters then followed with mean fractional 
difference MARs of 0.342, 0.341 and 0.316 respectively.  The 4 m pinhole featured the worst 
with 0.283. 
For conservative scotopic conditions the 1 mm (0.415) (±0.24) pinhole showed the 
best mean fractional difference MAR improvement followed by the 1.5 (0.413) (±0.20) and 
then the 0.6 mm (0.399) (±0.24) pinhole respectively (see Table 8.8).  This was followed by 
the 3 mm, 1.2, 2.5, 2 and then the 3.5 mm pinhole with mean fractional difference MARs of 
0.371, 0.357, 0.333 and 0.326 respectively.  The 4 mm pinhole featured the worst with a 
value of 0.279.  The adjusted mean fractional difference MAR measurements showed the 1.5 
mm (0.417) (±0.17) to be the best followed by the 1.0 (0.401) (±0.27) and then the 1.2 mm 
(0.363) (±0.21) respectively.  See Table 8.9.  This was followed by the 3 mm, 2.5mm, 2 mm, 
0.6 and the 4 mm diameters with values of 0.348, 0.322, 0.316, 0.308, 0.294 and 0.290 
respectively.  A summary of the results for the best three pinhole diameters showing the best 
fractional difference MARs are shown in Table 8.10. 
 
Table 8.8.  Mean values for improved scotopic conservative conditions. 
mm ConLetters ConMAR DiffConMAR DiffConLetters FracDiffConMAR FracDiffConLetters 
 0.6 82.000 4.567 4.400 -10.500 0.399 -0.160 
 1.0 78.333 4.202 5.299 -11.667 0.415 -0.201 
 1.2 83.148 3.892 2.839 -10.926 0.357 -0.177 
 1.5 84.000 3.559 3.202 -12.000 0.413 -0.191 
 2.0 81.346 4.027 2.650 -9.038 0.333 -0.143 
 2.5 80.217 4.003 2.697 -8.696 0.345 -0.139 
 3.0 79.773 4.237 2.738 -7.500 0.371 -0.119 
 3.5 76.458 4.479 2.486 -5.417 0.326 -0.087 
 4.0 73.947 5.537 2.011 -6.053 0.279 -0.094 
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Figure 8.12.  Mean fractional difference MAR (ΔΘ����) and standard deviations for improved  
scotopic conservative conditions.   
 
 
 
Table 8.9.  Mean values for improved scotopic adjusted conditions.     
 mm AdjLetters AdjMAR DiffAdjMAR DiffAdjLetters FracDiffAdjMAR FracDiffAdjLetters 
 0.6 85.923 3.953 3.260 -8.154 0.308 -0.119 
 1.0 79.500 3.995 5.009 -11.750 0.401 -0.196 
 1.2 84.231 3.657 2.779 -10.538 0.363 -0.167 
 1.5 84.583 3.367 3.118 -11.542 0.417 -0.179 
 2.0 82.538 3.772 2.456 -8.462 0.316 -0.131 
 2.5 81.391 3.831 2.379 -8.000 0.322 -0.124 
 3.0 80.870 3.939 2.499 -6.913 0.348 -0.108 
 3.5 78.680 4.160 2.150 -4.640 0.294 -0.072 
 4.0 74.824 5.513 2.023 -6.706 0.290 -0.099 
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Figure 8.13.  Mean fractional difference MAR (ΔΘ����) and standard deviations for improved scotopic 
adjusted conditions.  
 
More often due to angular magnification people see better (improved VA) by bringing 
the object closer.  If more letters are read by bringing the chart closer and if the letters 
subtend a visual angle less than the uncompensated angle, MAR is reduced and VA 
improves, however, if MAR increases VA deteriorates.   
The improved results show a much higher improvement in VA (mean fractional 
difference MAR) when compared with all the subjects.  The standard deviations are also 
considerably lower.  The 2 mm pinhole showed the best fractional difference MAR 
improvement (0.457) for conservative photopic conditions followed by the 1 mm (0.452) and 
then the 1.5 mm (0.449) respectively.  The 1.5 mm (0.450) diameter showed most 
improvement for adjusted measurements followed by 1.2 mm (0.432) and then 1 mm (0.431) 
respectively.  The conservative photopic measurements showed the greater mean 
improvement of 0.457 (2 mm pinhole) when compared with the adjusted measurements 
which was slightly less with a mean improvement of 0.450 (1.5 mm pinhole).  One would 
have expected the adjusted measurements to show a larger improvement as more letters were 
read.  
 The scotopic results, however, showed the adjusted measurements to be better.  The 
1.5 mm diameter showed the best with 0.417 when compared to the conservative result of 
0.415 from the 1 mm pinhole.   
Diameter in mm 
 
Δ
Θ
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The pinhole diameter that shows the largest mean fractional difference MAR 
improvement may not always be the best choice to help a large population.  That particular 
pinhole may show the largest mean fractional difference MAR improvement, however, it may 
help fewer subjects.  Therefore, a fitness rating is determined for each pinhole size to 
determine which diameter provided the best all-round performance.  
 
Table 8.10.  Summary of results obtained for the three pinhole diameters that gave the best fractional 
difference MAR improvements for all subjects and improved subjects. 
 
All subjects    0.6 mm           1mm          1.2 mm            1.5 mm    2 mm 
Con  Photopic           0.175(±0.45)       0.137(±0.49)        0.097(±0.50) 
Adj. Photopic          0.179(±0.43)       0.149(±0.47)        0.099(±0.47) 
 
Con. Scotopic          0.114(±0.49)       0.131(±0.65)        0.110(±0.47) 
Adj. Scotopic          0.127(±0.48)       0.140(±0.58)        0.115(±0.44) 
 
Improved    0.6 mm          1mm          1.2 mm            1.5 mm                 2 mm 
Con  Photopic                             0.452(±0.20)                                     0.449(±0.23)        0.457(±0.22) 
Adj. Photopic                             0.431(±0.22)         0.432(±0.24)       0.450(±0.22) 
 
Con. Scotopic   0.399(±0.24)   0.415(±0.24)                                     0.413(±0.20) 
Adj. Scotopic.            0.401(±0.27)         0.363(±0.21)       0.417(±0.17) 
 
 
Fitness rating for each pinhole 
The pinhole diameter that shows the largest mean fractional difference MAR 
improvement may not always be the best choice to help a large population.  That particular 
pinhole may show the largest mean fractional difference MAR improvement, however, it may 
help fewer subjects.  Therefore, a fitness rating is determined for each pinhole size to 
determine which diameter provided the best all-round performance.  
The purpose of a fitness rating for each pinhole is to determine which pinhole 
diameter performed the best overall.  The aim is to build a function such that we penalize the 
pinholes that perform poorly and reward the ones that perform well.  Well performing 
pinhole diameters make significant improvements in VA and help many people.  Poor 
performing pinholes make insignificant changes in VA or help only a small fraction of 
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people.  However, a poor performing pinhole may make a significant improvement in VA, 
but may help only a few subjects see better.  The fitness rating comprises two variables, 
fractional difference MAR y and the fraction of subjects that showed improvement n.  The 
function must be symmetrical and a product of n and y is required because an addition or 
division of the two will not punish the poor performing pinhole diameters.  Given these 
requirements, the fitness function is not unique since any fitness function that satisfies these 
conditions is equivalent to any other that also satisfies these requirements.  We shall select 
the fitness function 
𝑓(𝑛, 𝑦) = − log10( 1ny)                                                (8.1) 
for this analysis.  If n and y are both small, f is small.  If one parameter is large and the other 
is small then f is also small.  Similarly, if n and y are large, f will be large.  The log of 1/ny 
will be negative so the negative of the log is taken to give a positive f.*  The ratings are 
derived from  Tables 8.5 showing the number of people that each pinhole helped to see better 
and the fractional difference MAR values from Tables 8.6 to 8.9.  Conservative and adjusted 
photopic fitness ratings for each pinhole are shown in Figures 7 and 8 respectively and 
conservative and adjusted scotopic conditions are shown in Figures 9 and 10.  The vertical 
axes of each graph represent the fitness rating and the horizontal axes represents the pinhole 
diameters in mm.  
Although the 2 mm diameter produced the highest mean fractional difference MAR 
improvement (0.457), followed by the 1 mm (0.452) and then the 1.5 mm (0.449) for 
photopic conservative conditions (see table 8.6), the 1.2 mm diameter, which had the fourth 
highest mean fractional difference MAR of 0.438, produced the best overall performance (see 
Figure 8.6 and Table 8.5) by helping a greater percentage of the subjects (67%), followed by 
the 1.5 mm (62%) and only then the 2 mm diameter pinhole (56%).  The mean fractional 
difference MAR of the 1.2 mm diameter was slightly less (0.438) than the 2 mm (0.457), 
however, on average, it improved the VA of more subjects.  
 
 
* This function was suggested by Warren Carlson, a physics PhD student at The University of 
the Witwatersrand  
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The 1 mm pinhole, however, showed the second highest mean fractional difference 
MAR of 0.452, but only improved the VA of 38% of the subjects.  The 1 mm pinhole 
finished fifth in the ratings behind the 2.5 mm pinhole which had a mean fractional difference 
MAR improvement of 0.401, but helped 47% of the subjects.   
For photopic adjusted conditions the 1.2 mm diameter (0.432) also performed the best 
followed by the 1.5 (0.450) and then the 2 mm pinhole (0.406) although the 1.5 mm showed a 
higher mean fractional difference MAR.  See Tables 8.5 and 8.7 and Figure 8.11.  The 1.2 
mm diameter on average improved the VA of 67% of the subjects followed by the 1.5 (62%) 
and then the 2 mm (60%) diameter.  The 1 mm pinhole showed a mean fractional difference 
MAR improvement of 0.431 that was higher than the 2 mm pinhole (0.406), however it only 
helped 40% of the subjects.  The 1 mm pinhole also finished fifth in the rankings behind the 
2.5 mm pinhole, which had a mean fractional difference MAR of only 0.342, however, the 
pinhole improved the VA of 56% of the subjects. 
 
 
Figure 8.14.  Fitness rating f for each pinhole size for photopic conservative measurements. 
 
For scotopic conservative conditions the 1.5 mm pinhole performed the best followed 
by the 1.2 mm and then the 2 mm pinhole.  See Tables 8.5 and 8.8 and Figure 8.12.  The 1.5 
mm pinhole, however, had a lower mean fractional difference MAR (0.413) than the 1 mm 
(0.415), but on average improved the VA of 62% of the subjects compared to only 38% from 
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the 1 mm.  The 1 mm diameter, however, was not among the top three ratings.  The 1.2 mm 
also improved 67% of the subjects VA but had a mean fractional difference MAR of only 
0.357.  The 2 mm pinhole had a mean fractional difference MAR of only 0.333, but improved 
56% of the subjects VA.  The 3 mm, 3.5 mm and 4 mm pinholes performed better than the 
0.6 and 1 mm diameters.  The larger pinhole diameters rated slightly higher when compare 
with photopic conditions. 
 
 
Figure 8.15.  Fitness rating f for each pinhole size for photopic adjusted measurements. 
 
 
 
Figure 8.16.  Fitness rating f for each pinhole size for scotopic conservative measurements. 
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Figure 8.17.  Fitness rating f for each pinhole size for scotopic adjusted measurements.  
 
For the adjusted scotopic measurements the 1.5 also performed the best followed by 
the 1.2 and then the 2 mm pinhole.  See Tables 8.5 and 8.9 and Figure 8.13.  The 1.5 mm 
pinhole also had the best mean fractional difference MAR (0.417) and improved the VA of 
53% of the subjects.  The 1.2 mm pinhole, however, improved the VA of 58% of the subjects 
but had a mean fractional difference MAR of only 0.363.  The 2 mm pinhole had a mean 
fractional difference MAR of 0.316 and also improved the VA of 58% subjects.  The 2.5 mm 
(0.322) and 3 mm (0.348) showed better mean fractional difference MARs, however, both 
pinholes improved only 51% of the subjects VA.  The 3.5 mm diameter improved the VAs of 
56% of the subjects, however the mean fractional difference was only 0.294.  The 4 mm 
diameter improved 38% of the subjects VA, however, it showed the lowest mean fractional 
difference improvement of only 0.290. 
Summary 
Results show that the pinhole diameter that produces the highest mean fractional 
difference MAR is not necessarily always the diameter of choice that helps most people.  The 
best pinhole depends on what it is used for.  This study suggests that if a community health 
worker had to go into the rural area and help the community see better the 1.2 mm would be 
the diameter of choice for photopic conditions and 1.5 mm for scotopic conditions.  Those 
diameters may not have given the largest mean fractional difference MAR improvement; 
however, these diameters on average helped a greater number of people see better. 
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Many measurements were recorded on each subject and fatigue may have had an 
influence on some measurements.  The sample size was small.  Although the idea was to 
examine all subjects unconditionally, perhaps they should have been screened for pathology 
so that a larger sample size could have been obtained.  The lighting conditions under scotopic 
conditions were only 20 lux reflecting off the chart.  This may have influenced some of the 
measurements as some subjects may have had better illumination by moving closer to the 
chart while reading (the inverse square law) (Meyer-Arendt, 1989).  The idea of the study 
was to simulate conditions experienced by subjects who do not have electricity and their only 
source of light being a candle.  Another study could be done with the ambient lighting being 
constant for all conditions, however, natural conditions would then no longer be being 
simulated. 
 
9 Conclusion  
The three pinhole diameters that performed best for both photopic and scotopic 
conditions all showed mean fractional difference MAR improvements greater than 0.4.  That 
means that the population discussed will, on average, obtain at least a 40% improvement in 
MAR when they use such pinhole diameters.  For example, a subject with an uncompensated 
MAR of 5′ (6/30) may obtain a 2′ MAR improvement giving a VA of 6/18.  Another subject 
may have an uncompensated MAR of 6′ (6/36).  A 40% improvement gives a 2.4′ 
improvement giving a compensated MAR of 3.6′ (6/21.60 ≈ 6/24).  For large populations, if a 
decision had to be made on which size pinhole would perform the best, the pinhole diameter 
that shows the highest mean fractional difference MAR improvement may not always be the 
best choice.  That particular pinhole may show the greatest VA improvement, however, it 
may not have helped the most people.  The fitness ratings graphs for each pinhole in Figures 
8.14 to 8.17 show the overall performances for each pinhole and Table 8.5 and Figures 8.6 to 
8.9  (see Section 8) show the percentages of people that each pinhole helped. 
There is enough evidence to show that by looking through a pinhole vision usually 
improves.  The pinhole is used as a diagnostic tool in optometry and ophthalmology.  
Ophthalmology is implanting pinhole corneal inlays to improve vision (Waring, 2010; 
Seyeddain et al., 2010) and optometrists are experimenting with pinhole contact lenses 
(García-Lázaro et al., 2012).  Astigmatic ametropes can also improve their VA by looking 
through a stanopaiec slit or along a straight edge by aligning the slit or straight edge along 
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one of the principle meridians of the cornea.  Not many people are aware of this, especially in 
rural and remote areas where no eye-care is available.  
If more awareness of the pinhole and straight edge method is made, not only in the 
rural areas but also amongst the city and suburban population, more people would be able to 
improve their vision.  In situations where people have lost or misplaced their spectacles VA 
can be improved by looking through a small hole.  A pinhole will also have some impact on 
people suffering visual impairment, especially for those who cannot afford spectacles and for 
people in remote areas where no eye care is available.  If a pinhole is used as a diagnostic tool 
for vision screenings why not make people aware of it especially for those who cannot afford 
spectacles?  A small hole in a piece of paper or leaf costs absolutely nothing.  The objective 
would not be to substitute the pinhole for spectacles, but only to improve VA in the interim 
until affordable spectacles are available.  The point here is awareness.  A disadvantage is that 
it may be uncomfortable holding a pinhole in front of the eye for long periods of time while 
looking at distant or at near targets. 
Pinhole spectacles are available which may overcome the problem of monocular 
viewing.  Although the purpose of this study is not to promote pinhole spectacles, such 
spectacles may be another option for those who can afford them.  They are based on the same 
pinhole optics principle. 
Traditional pinhole spectacles comprise a spectacle frame with opaque sheets of vinyl 
or foil with multiple small holes about 1 to 1.2 mm in diameter.  Ultraviolet light is reduced 
because the holes restrict the amount of light reaching the eyes (see Figure 9.1).  The spacing 
between the holes should not be too close together as double images may be seen.  The 
spacing should be at least a pupil diameter (Borish and Benjamin, 1998).  Some suppliers 
recommend about 1/8 inch apart or about 3.1 mm.  The advantage of these spectacles is that 
no distortion effects such as pincushion and barrel distortion are observed because there is no 
refraction.  Spherical aberration is reduced because of the smaller diameter aperture. 
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Figure 9.1.  A traditional pair of  pinhole spectacles.  The spectacles have opaque flat or slightly 
curved plastic plates with actual holes punched through them.  Ultraviolet light is reduced because the 
holes restrict the amount of light reaching the eyes.  Such spectacles are readily available through 
many wholesalers worldwide.  
 
Pinhole spectacles can be used for a life time provided they do not break.  While such 
spectacles are not as cheap as off-the-rack reading glasses, they are considerably cheaper than 
prescription glasses.  Off-the-rack reading glasses have the same lens power in each lens. 
People whose left and right refractive errors differ sufficiently may find these glasses 
unsuitable.  Pinhole spectacles are ideal for such people.  Scratching has no effect on 
performance and the spectacles do not have to be cleaned of fingermarks and other marks that 
compromise vision through conventional spectacles.  
People who have had corneal surgery or keratoconus may find that their vision cannot 
be completely corrected with spectacle lenses and may find that looking through a pinhole or 
pinhole spectacles improves their vision.  Pinhole spectacles have also shown to improve the 
VA of people who have cataracts (Baraldi et al., 1986).  Pinholes, however, do not improve 
vision if the VA is very close to 6/6.  Diffraction effects occur and VA decreases.  
Pinhole spectacles also reduce the brightness of sunlight and may be used as 
sunglasses.  They do not offer full protection of the sun’s harmful ultraviolet radiation; 
however, they do reduce the glare on bright sunny days.  These spectacles are now available 
with tinted plastic lenses with small multiple clear openings about 1.2 mm in diameter.  In 
addition to the light reduction that is provided by the small holes, the lenses have built-in UV 
protection.  See Figure 9.2. 
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(a)       (b) 
Figure 9.2.  (a) The new smooth-lens pinhole spectacles (Model St. Barts).  The spectacles have solid, 
curved lenses of the same clear plastic material used for prescription glasses.  The lenses provide full 
ultraviolet protection.  The pinhole pattern is printed on the back surface of the lenses (b) and a mild 
mirror coating is added to the front to help hide the pinhole pattern.  These pinhole spectacles were 
developed by Caribbean Eyes, a company based in Ligonier, PA, USA, and is the sole supplier.    
There has been much opposition from the optical industry and profession to 
prescribing pinhole spectacles.  It appears that optometrists and optical lens and frame 
suppliers feel threatened by their use.  It comes as no surprise for them to have negative 
attitudes in promoting awareness and prescribing them as they may have a negative impact on 
profits. 
In 1992, the Missouri Attorney General obtained a consent injunction and penalties 
totaling $20,000 against Natural Vision International (NVI) in Manitowoc, WI, for selling 
pinhole spectacles.  The spectacles sold for approximately $US19.95 plus postage and 
handling fees.  The company advertised and claimed that the spectacles exercise and relax the 
eye muscles through the use of scientifically designed and spaced pinhole openings that 
change the way light enters the eye. The company had also advertised that continued wear 
and exercises should enable spectacle wearers to change to weaker prescription lenses and 
reduce the need for bifocals or trifocals and that it also cured myopia.  Opticians and 
ophthalmologists pressured the FDA to conduct an armed raid on the store.  The FDA, along 
with two federal marshals, confiscated 17,000 pairs of pinhole spectacles.  The charge was 
that the product was a misbranded medical device for which NVI had failed to file a 
premarket application with the FDA.  NVI denied that pinhole-spectacles were medical 
devices.  For more information see Appendix 5, ‘Pinhole conspiracy’ 
(www.myopia.org/conspiracy.htm). 
Another legal threat was lodged in 1999 when an optometrist lodged a complaint 
against Donald Rehm, owner of International Myopia Prevention Association (IMPA), a 
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company also based in Ligonier, PA, for claiming that an instrument he supplies (The 
Myopter) can prevent or at least control the progression of myopia.  IMPA, however, also 
sells pinhole spectacles.  The claim was that IMPA were in  violation of the California 
Business and Professions Code sections 17500 and 17508, and the provisions of the Federal 
Trade Commission's section on false and misleading advertising and, more specifically, their 
ban on unsupported representations to the public.  For more information see Appendix 6, 
‘Legal threats from eye doctors’ (www.myopia.org/ebook/17chapter 12 htm). 
Interestingly, Rehm goes on to mention that the optical companies contribute large 
sums of money towards education and research and also sponsor conferences and he feels 
that no qualified optometrist would want to antagonize any of these companies.  It makes one 
think. 
The FDA has tried to close IMPA down in the past without success.  In 2012 they 
blocked a shipment of 4800 pinhole spectacles from China.  The pinholes would not be 
admitted until they were ‘in compliance’ with FDA regulations, but no indication was given 
of how that could be done (see Appendix 7). 
The question that arises is that if the pinhole spectacles work, why not use them?  
Why do optometrists and ophthalmologists oppose them?  Mathur and Bahuguna (1977) of 
the Indian Institute of Technology in New Dehli said that by placing a 0.5 mm pinhole in 
front of each eye one could read comfortably without any eye strain.  Keating (1979) suggests 
that there is more to relaxed vision than the depth of focus one gets from pinhole viewing.  
He maintains that as long as accommodation has to be continually adjusted for different 
distances, convergence is also affected and that the viewing would not be strain-free with 
pinholes.  This is a valid point because of the accommodation-convergence relationship.  The 
accommodative response is dictated by the convergence demand.  The greater the 
convergence, the greater the accommodative demand.  Subjects with large inter-pupillary 
distances (IPD) have to converge more than those with smaller IPDs to read at the same 
distance.  Keating may be correct, however, if one is to read or do any near work through 
pinhole spectacles and not through a single pinhole placed in front of each eye, a comfortable 
near working distance could be obtained that gives the least amount of convergence and 
eyestrain.  Moreover, presbyopic subjects who are struggling to read may adapt very quickly 
to the spectacles and find the distance that gives the best vision with the least amount of eye 
strain.  
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The placement of the pinholes in the spectacles for one specific viewing distance may 
not work for another.  The pinholes in the spectacles may need to have different separations.  
Wittenberg (1993) thoroughly researched and analyzed the matter.  However, his summary 
represents nothing we do not already know.  For example, by reducing the aperture of the 
pinhole, illumination is reduced.  There is a severe reduction in peripheral vision and pinholes 
are not suitable for driving or other situations where wide fields of view are required.  
Multiple images occur for nearby objects and may also appear for distance ones if the 
spectacles are too far away from the eyes.  Wittenburg goes on to say, ‘When you look 
through the pinholes blurred images becomes focused.  This is because the amount of 
peripheral rays (which are responsible for blurring) is reduced.  With appropriately spaced 
multiple pinholes you get clear straight vision without the difficulty of concentrating on a 
single hole’.  Despite that he then goes on to ridicule them by referring to them as fads and 
gimmicks.  He says ‘it is difficult to conceive that this is anything other than a fad.  It is clear 
that the lenses in and of themselves provide no unique or especially useful optical features 
other than a gimmick’.  This is ironic.  Some websites accuse him of double standards and of 
following interests that suit him best (Wilk, 2006).   
Today, most of the companies selling pinhole spectacles are based outside of the USA 
and make no unsubstantiated claims that the use of pinhole spectacles improve or restore 
vision and correct vision problems and eliminate the need for prescription glasses or contact 
lenses. 
Pinhole spectacles may be more efficient than holding a single pinhole and looking 
through it.  Performing near tasks, however, may also be difficult while at the same time 
trying to hold a single pinhole.  The real vision problem lies with the under-privileged and 
rural population.  Finances play an important role in just about everything we do and there 
are many people who hide behind certain morals for their own financial gain.  They may not 
really have the patient’s interest at heart.  Many rural people appear to accept that bad vision 
is natural and that nothing can be done about it.  If they were aware of making a small hole in 
a leaf or piece of paper and were to view some distant or near object, their vision would 
usually improve, provided the impairment is of the refractive type.  They would soon realize 
that poor vision is not inevitable and this may bring many more into the conventional system.  
The same applies to cataracts.  Many people do not realize that cataracts can be extracted and 
replaced by intraocular lenses.  Under certain circumstances they may be left aphakic, but 
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vision can be restored with spectacles or, if left uncompensated, VA can be improved by 
means of a pinhole.  By creating more awareness that there are other ways of improving 
vision that cost almost nothing, visual impairment can be reduced until spectacles become 
available.  
Silver (2013) poses the question, ‘Why are there so many people in the world today 
who need vision correction to see clearly?’  He suggests the main reason for this is that ‘the 
developed world’s model for delivery of vision correction cannot be applied to large 
populations in the developing world because the model depends upon access to eye care 
professionals, and there are too few to meet the needs of the people in the developing world.  
There is also a shortage of money for eyewear and an absence of appropriate vision care 
infrastructure in the developing world.  The simplest way to deal with this problem is to 
create inexpensive spectacles (self-refraction spectacles) which have the property that the 
wearer can easily and accurately adjust to their own correction’ (Silver, 2013).  I totally 
agree, however, that would still cost money and manpower.  The pinhole method, however, 
costs nothing unless one goes for pinhole spectacles which may cost a bit less than the self-
refraction spectacle.  No expertise is required and the pinhole may help many people see 
better until proper eye care is available. 
If so simple a device as a small hole can improve the near vision of as many as 67% 
of people over 50 years of age in good lighting conditions, and, perhaps 60% in poorer 
lighting conditions, as this study suggests, then surely the pinhole deserves consideration as a 
potential visual aid in the developing world. 
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Appendix 1 
Questionnaire 
Information for participants in a research project for the degree MPhil in Optometry.  You are 
kindly requested to take part in the following research project: 
The Potential of the Pinhole as a Visual Aid in the Developing World.   
Researcher: Anthony S Carlson 
Advisor: Professor W F Harris 
Participation in this study is voluntary.  You will be free to withdraw at any stage.  
Withdrawal, however, would impact the research negatively so please do not decide to 
withdraw without due consideration.  The measurements and procedures will be non-invasive 
and no pharmacological agents will be used.  No adverse side effects are expected.   
The data collected for this research project will be presented in a dissertation and can be used 
for scientific papers or presentations.   
The identity of the participants will be kept confidential and will only be made available if 
required and with the written consent of the participants. 
On completion of the study the participant may request the results of the study if interested. 
The process: 
 You will be asked to complete a short questionnaire such as age, gender and race as well 
as other pertinent information relevant to the study.  The information on the questionnaire 
will remain confidential.  It will take you approximately five minutes to complete the 
questionnaire. 
 There are no known risks associated with using the pinhole which is used worldwide and 
used often in the Department of Optometry at the University of Johannesburg.  You might 
experience slight fatigue or restlessness during the measurements but will be given 
comfort breaks if required.  No known after-effects have been documented. 
Please complete the following consent form: 
I, …………………………………………………………………..hereby voluntary give 
consent to being a participant.  
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 I understand that the participation in the study is voluntary and that I can withdraw at 
any stage during the study with no penalties to myself. 
 I have read the information given to me and time was given to me to ask clarifying 
questions. 
 I am aware that this is a Master’s degree study and that the results will be used in a 
dissertation and with the possibility of being published in scientific papers. 
 
Signed ………………………………. 
 
  
Place  Date 
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Participant’s details: 
The participant must please complete the following questionnaire.  Please ask the researcher 
for clarification if you are uncertain about the questions asked or terminology used. 
 
Surname and Initials……………………………………………………... 
Area of  
Residence.  ……………………………………………………………...... 
Race.………………………………………………………………….……  
Age.  …………………………………………………………………….… 
Gender. …………………………………………………………………… 
Date of Birth. …………………………………………………………….. 
Identity number.……………………………………………………….…. 
 
 
Thank you for your time to complete the questionnaire and your willingness to 
participate in this study.  It is highly appreciated. 
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Appendix 2 
The Dioptric Power Matrix and Symmetric Dioptric Power Space 
The unit of measurement of the dioptric power matrix is dioptres whereas the unit of 
measurement for sphere FS, cylinder FC and axis A is a combination of dioptres (sphere and 
cylinder) and degrees for axis.  The dioptric power matrix is (Long, 1976)  
𝐅 = �𝑓11 𝑓12
𝑓21 𝑓22
�         (A1) 
where 
𝑓11 = 𝐹S + 𝐹C 𝑠in2𝐴  (Power along the horizontal meridian of the lens)  (A2) 
𝑓12 = 𝑓21 = −𝐹Csin𝐴cos𝐴  (Oblique or torsional power of the lens)   (A3) 
𝑓22 = 𝐹S + 𝐹C cos2𝐴  (Power along the vertical meridian of the lens)  (A4) 
The dioptric power matrix can be expanded as (Harris, 2007) 
F = FI I + FJJ + FKK         (A5) 
Where 
I  = �1 00 1�,          (A6) 
J = �1 00 −1�,          (A7) 
K =�0 11 0�.          (A8) 
The coefficients in Equation A5 are given by 
FI = 
1
2
 (f11 + f22),         (A9) 
the stigmatic coefficient (nearest equivalent sphere), 
FJ = 
1
2
 (f11 ─ f22),         (A10) 
the ortho-antistigmatic coefficient (Jackson cross-cylinder FJ{180} ─  FJ), and 
FK = f12          (A11) 
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FII 
FJJ  FKK  
the oblique antistigmatic coefficient (Jackson cross-cylinder FK{45} R─  FK), and represented 
as a point in three-dimensional space as in Figure A1.  The point can be represented by (FI, 
FJ, FK).  
 
 
    
. 
 
Figure A1.  The power F in three-dimensional symmetric dioptric power space. 
Figure A2 shows the following powers as stereo-pairs in three-dimensional dioptric 
power space.  The origin of the graph is (0, 0, 0) D and represents null power.  Each tick 
interval is 1 D.  Along the I (stigmatic axis) axis upwards are plano and the spherical powers 
1 D and 2 D.  Downwards, also on the I axis, is the spherical power ─1 D.  Along the J axis 
(ortho-antistigmatic axis) are the powers 1 / ─ 2 x 180 and 2 / ─ 4 x 180 in the positive 
direction and the power 1 / ─ 2 x 90 in the negative direction.  Along the K axis (oblique 
anti-stigmatic axis) are the powers 1 / ─ 2 x 45 and 2 / ─ 4 x 45 in the positive direction and 1 
/ ─ 2 x 135 in the negative direction.  Any dots not falling directly on the lines have 
astigmatic powers with axes other than 90, 180, 45 and 135 degrees.   
Measurements of dioptric power as sphere, cylinder and axis can be converted to 
matrices using Equations A1 to A4.  The power coefficients can then be obtained using 
Equations A9 to A11.  For further information refer to Harris (1988; 1989a; 1989 b; 1990; 
1991; 1992) and Harris Malan and Rubin (1991a; 1991b). 
.F 
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Figure A2.  Stereo-pair scatter plot of powers given in the text.  The origin of the graph is at plano 
and each tick interval is 1 D. 
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Appendix 3 
Refractive Errors of Eyes in This Study. 
Refractive errors as sphere, cylinder and axis and as coefficients of the dioptric power matrix 
(Equations A1 to A4 and A9 to A11).  Units are diopters except for axis which is in degrees. 
 
   Sph    cyl      axis                     FI            FJ               FK 
-1.50                -1.5000  0.0000 -0.0000 
   1.25                 1.2500  0.0000 -0.0000 
-0.50 -0.25 110      -0.6250 -0.0958 -0.0803  
-0.75 -0.25 16       -0.8750  0.0958 -0.0803 
   0.25                 0.2500  0.0000 -0.0000 
-1.50 -0.50 10       -1.7500  0.2349  0.0855 
 0.00 -0.50 10       -0.2500  0.2349  0.0855 
-0.50                -0.5000  0.0000 -0.0000 
-0.25 -0.25 170      -0.3750  0.1175 -0.0428 
 0.00                 0.0000  0.0000 -0.0000 
-2.00 -0.50 180      -2.2500  0.2500 -0.0000 
-0.25                -0.2500  0.0000 -0.0000 
 2.00                 2.0000  0.0000 -0.0000 
-5.00 -4.50 10       -7.2500  2.1143  0.7695 
-1.00                -1.0000  0.0000 -0.0000 
-0.50                -0.5000  0.0000 -0.0000 
-0.50 -0.75 95       -0.8750 -0.3693 -0.0651 
-0.25                -0.2500  0.0000 -0.0000 
 0.50 -1.00 100       0.0000 -0.4698 -0.1710 
-4.00 -0.50 10       -4.2500  0.2349  0.0855 
 0.50 -1.00 10        0.0000  0.4698  0.1710 
 0.00 -1.50 90       -0.7500 -0.7500  0.0000 
 0.00                 0.0000  0.0000 -0.0000 
 2.00 -0.75 35        1.6250  0.1283  0.3524 
-0.25 -0.50 173      -0.5000  0.2426 -0.0605 
-1.50 -1.50 17       -2.2500  0.6218  0.4194 
-0.25 -0.25 89       -0.3750 -0.1249  0.0044 
-1.50 -1.25 10       -2.1250  0.5873  0.2138 
-2.50 -1.00 13       -3.0000  0.4494  0.2192 
-2.25 -1.50 160      -3.0000  0.5745 -0.4821 
-3.00 -0.75 10       -3.3750  0.3524  0.1283 
-5.00 -0.75 78       -5.3750 -0.3426  0.1525 
-0.50 -0.25 10       -0.6250  0.1175  0.0428 
-0.50 -0.50 180      -0.7500  0.2500 -0.0000 
-4.00 -0.50 180      -4.2500  0.2500 -0.0000 
-3.75 -1.00 15       -4.2500  0.4330  0.2500 
-4.50 -0.75 25       -4.8750  0.2410  0.2873 
-0.75 -2.25 175      -1.8750  1.1079 -0.1954 
-3.25 -1.25 12       -3.8750  0.5710  0.2542 
-4.50 -0.25 180      -4.6250  0.1250 -0.0000 
-0.25                -0.2500  0.0000 -0.0000 
-3.00 -1.25 180      -3.6250  0.6250 -0.0000 
-5.00                -5.0000  0.0000 -0.0000 
 0.00 -0.50 16       -0.2500  0.2120  0.1325 
-2.00 -1.75 160      -2.8750  0.6703 -0.5624 
  
 Mean -1.46 -0.42 6        -1.6722  0.2035  0.0425  
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-2.328
-2.048
-1.502
3.5
25
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80
4.000
0.602
14.000
-2.253
-0.360
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-1.900
-0.360
-1.290
-1.486
-0.905
-1.117
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25
0.8
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85
3.200
0.505
3.200
85
3.200
0.505
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-1.453
-0.263
9.000
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-0.263
-0.832
-1.086
-0.524
-0.816
2.5
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
4.000
-1.403
-0.256
4.000
-1.050
-0.256
-0.803
-1.057
-0.500
-0.795
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30
0.5
4
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1.667
0.142
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95
1.667
0.222
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0.360
0.100
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0.433
0.020
0.206
0.414
0.206
0.063
1.5
30
0.4
3
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103
1.333
0.065
1.161
100
1.333
0.125
-9.000
0.585
0.177
-6.000
0.767
0.117
0.335
0.732
0.365
0.364
1.2
30
0.3
105
105
1.000
0.000
1.000
105
1.000
0.000
-11.000
0.747
0.242
-11.000
1.100
0.242
0.427
1.000
0.524
0.752
1.0
15
0.5
4
99
99
3.333
0.443
2.773
95
3.333
0.523
-5.000
-1.026
-0.201
-1.000
-1.233
-0.281
-0.587
-0.828
-0.587
-0.871
0.6
15
0.63
90
90
4.200
0.623
4.200
90
4.200
0.623
4.000
-2.453
-0.381
4.000
-2.100
-0.381
-1.405
-1.573
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-1.183
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
30
0.5
94
94
1.667
0.222
1.667
90
1.667
0.222
0.000
0.000
0.000
4.000
0.000
0.000
-6.000
-6.333
-0.681
-6.000
-6.333
-0.681
4.0
50
1
2
82
82
2.000
0.261
1.824
80
2.000
0.301
12.000
-0.157
-0.039
14.000
-0.333
-0.079
-0.094
-0.177
-0.200
-0.357
3.5
25
1
3
83
83
4.000
0.542
3.484
80
4.000
0.602
11.000
-1.817
-0.320
14.000
-2.333
-0.380
-1.090
-1.443
-1.400
-1.714
3.0
30
0.8
4
89
89
2.667
0.346
2.218
85
2.667
0.426
5.000
-0.551
-0.124
9.000
-1.000
-0.204
-0.331
-0.559
-0.600
-0.920
2.5
25
0.8
4
89
89
3.200
0.425
2.662
85
3.200
0.505
5.000
-0.995
-0.203
9.000
-1.533
-0.283
-0.597
-0.916
-0.920
-1.277
2.0
25
0.8
1
86
86
3.200
0.485
3.056
85
3.200
0.505
8.000
-1.389
-0.263
9.000
-1.533
-0.283
-0.834
-1.187
-0.920
-1.277
1.5
20
0.4
100
100
2.000
0.301
2.000
100
2.000
0.301
-6.000
-0.333
-0.079
-6.000
-0.333
-0.079
-0.200
-0.357
-0.200
-0.357
1.2
20
0.5
95
95
2.500
0.398
2.500
95
2.500
0 .398
-1.000
-0.833
-0.176
-1.000
-0.833
-0.176
-0.500
-0.794
-0.500
-0.794
1.0
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
3.000
-1.342
-0.256
4.000
-1.483
-0.276
-0.805
-1.156
-0.890
-1.246
0.6
25
2
65
65
8.000
0.903
8.000
65
8.000
0.903
29.000
-6.333
-0.681
29.000
-6.333
-0.681
-3.800
-3.071
-3.800
-3.071
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40
0.8
4
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85
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0.301
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-1.815
-0.320
-1.000
-1.478
-0.320
4.0
42
0.63
90
90
1.500
0.176
1.500
90
1.500
0.176
-1.000
0.164
0.045
-1.000
0.500
0.125
0.098
0.203
0.250
0.415
3.5
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-1.000
0.089
0.024
-1.000
0.425
0.024
0.053
0.107
0.213
0.079
3.0
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1
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83
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0.421
2.639
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0.481
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-0.976
-0.200
9.000
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-0.260
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-0.907
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31
1
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0.449
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-0.228
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0.322
-1.000
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-0.101
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0.302
2.005
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0.322
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-0.342
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-0.100
-0.101
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-0.336
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2.250
0.312
2.052
90
2.250
0.352
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-0.388
-0.091
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-0.250
-0.131
-0.234
-0.412
-0.125
-0.436
1.0
23
0.8
85
85
3.478
0.541
3.478
85
3.478
0.541
4.000
-1.815
-0.320
4.000
-1.478
-0.320
-1.091
-1.449
-0.739
-1.064
0.6
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85
85
3.478
0.541
3.478
85
3.478
0.541
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-1.449
-0.739
-1.064
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
40
1.6
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0.542
3.484
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0.602
0.000
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0.000
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0.000
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-17.000
-1.516
-0.157
-17.000
-1.000
-0.157
4.0
40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
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0.359
0.047
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0.875
0.047
0.103
0.087
0.219
0.078
3.5
38
1
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80
2.632
0.420
2.632
80
2.632
0.420
-7.000
0.852
0.122
-7.000
1.368
0.122
0.245
0.225
0.342
0.202
3.0
30
1
80
80
3.333
0.523
3.333
80
3.333
0.523
-7.000
0.151
0.019
-7.000
0.667
0.019
0.043
0.035
0.167
0.032
2.5
30
1
80
80
3.333
0.523
3.333
80
3.333
0.523
-7.000
0.151
0.019
-7.000
0.667
0.019
0.043
0.035
0.167
0.032
2.0
30
1
1
81
81
3.333
0.503
3.183
80
3.333
0.523
-8.000
0.301
0.039
-7.000
0.667
0.019
0.086
0.072
0.167
0.032
1.5
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85
85
2.857
0.456
2.857
85
2.857
0.456
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0.627
0.086
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1.143
0.086
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0.159
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1.2
21
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1
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0.457
2.865
85
3.000
0.477
-13.000
0.619
0.085
-12.000
1.000
0.065
0.178
0.157
0.250
0.108
1.0
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
-17.000
0.334
0.044
-17.000
0.850
0.044
0.096
0.081
0.213
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1
80
80
5.000
0.699
5.000
80
5.000
0.699
-7.000
-1.516
-0.157
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0.337
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80
2.174
0.337
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-1.398
-0.216
-10.000
-1.398
-0.216
4.0
45
1
80
80
2.222
0.347
2.222
80
2.222
0.347
0.000
-0.048
-0.010
0.000
-0.048
-0.010
-0.022
-0.028
-0.022
-0.028
3.5
40
1
80
80
2.500
0.398
2.500
80
2.500
0.398
0.000
-0.326
-0.061
0.000
-0.326
-0.061
-0.150
-0.180
-0.150
-0.180
3.0
33
0.8
90
90
2.424
0.385
2.424
90
2.424
0.385
-10.000
-0.250
-0.047
-10.000
-0.250
-0.047
-0.115
-0.140
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2.424
0.385
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0.013
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-0.047
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0.038
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0.366
2.323
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2.667
0.426
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-0.149
-0.029
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-0.493
-0.089
-0.068
-0.085
-0.227
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1.5
20
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90
90
3.150
0.498
3.150
90
3.150
0.498
-10.000
-0.976
-0.161
-10.000
-0.976
-0.161
-0.449
-0.478
-0.449
-0.478
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0.401
2.520
90
2.520
0.401
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-0.346
-0.064
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-0.159
-0.190
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1.0
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0.416
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0.456
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-0.432
-0.079
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-0.233
-0.314
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3.571
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-0.011
-0.001
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4.0
40
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0.602
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70
4.000
0.602
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-0.011
-0.001
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-0.002
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3.5
33
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75
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0.578
3.788
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3.788
0.578
-6.000
0.201
0.022
-6.000
0.022
0.022
0.050
0.037
0.006
0.039
3.0
33
1.25
75
75
3.788
0.578
3.788
75
3.788
0.578
-6.000
0.201
0.022
-6.000
0.022
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0.050
0.037
0.006
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80
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0.145
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0.952
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0.250
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1
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3.183
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3.333
0.523
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0.806
0.098
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0.202
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0.125
0.134
1.5
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0.441
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85
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1.230
0.160
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1.051
0.160
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0.267
0.276
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4
89
89
3.200
0.425
2.662
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3.200
0.505
-20.000
1.327
0.176
-16.000
0.610
0.096
0.333
0.292
0.160
0.165
1.0
28
1
80
80
3.571
0.553
3.571
80
3.571
0.553
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0.418
0.048
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0.63
1
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91
3.500
0.524
3.342
90
3.500
0.544
-9.000
-2.958
-0.275
-9.000
-2.800
-0.275
4.0
17
0.4
100
100
2.353
0.372
2.353
100
2.353
0.372
-9.000
0.990
0.152
-9.000
1.147
0.172
0.296
0.291
0.328
0.317
3.5
15
0.63
90
90
4.200
0.623
4.200
90
4.200
0.623
1.000
-0.858
-0.099
1.000
-0.700
-0.099
-0.257
-0.189
-0.200
-0.182
3.0
12
0.63
90
90
5.250
0.720
5.250
90
5.250
0.720
1.000
-1.908
-0.196
1.000
-1.750
-0.196
-0.571
-0.374
-0.500
-0.360
2.5
15
0.63
90
90
4.200
0.623
4.200
90
4.200
0.623
1.000
-0.858
-0.099
1.000
-0.700
-0.099
-0.257
-0.189
-0.200
-0.182
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0.4
100
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3.333
0.523
3.333
100
3.333
0.523
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0.009
0.001
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0.003
0.002
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0.002
1.5
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0.63
90
90
6.300
0.799
6.300
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6.300
0.799
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-0.124
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-0.124
-0.330
-0.236
-0.270
-0.227
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12
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90
90
5.250
0.720
5.250
90
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0.720
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0.8
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6.667
0.824
6.667
85
6.667
0.824
0.000
0.000
0.000
0.000
0.000
0.000
-15.000
-5.833
-0.273
-15.000
-5.833
-0.273
4.0
12
0.63
90
90
5.250
0.720
5.250
90
5.250
0.720
-5.000
1.417
0.104
-5.000
1.417
0.104
0.213
0.126
0.213
0.126
3.5
14
0.63
90
90
4.500
0.653
4.500
90
4.500
0.653
-5.000
2.167
0.171
-5.000
2.167
0.171
0.325
0.207
0.325
0.207
3.0
12
0.4
100
100
3.333
0.523
3.333
100
3.333
0.523
-15.000
3.333
0.301
-15.000
3.333
0.301
0.500
0.365
0.500
0.365
2.5
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0.5
95
95
5.000
0.699
5.000
95
5.000
0.699
-10.000
1.667
0.125
-10.000
1.667
0.125
0.250
0.152
0.250
0.152
2.0
12
0.63
1
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91
5.250
0.700
5.014
90
5.250
0.720
-6.000
1.653
0.124
-5.000
1.417
0.104
0.248
0.150
0.213
0.126
1.5
13
0.63
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92
92
4.846
0.645
4.420
90
4.846
0.685
-7.000
2.247
0.179
-5.000
1.821
0.139
0.337
0.217
0.273
0.168
1.2
10
0.63
2
92
92
6.300
0.759
5.746
90
6.300
0.799
-7.000
0.921
0.065
-5.000
0.367
0.025
0.138
0.078
0.055
0.030
1.0
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85
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0.903
8.000
85
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-0.079
0.000
-1.333
-0.079
-0.200
-0.096
-0.200
-0.096
0.6
10
1.25
75
75
12.500
1.097
12.500
75
12.500
1.097
10.000
-5.833
-0.273
10.000
-5.833
-0.273
-0.875
-0.331
-0.875
-0.331
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15
Age:
50
G
ender:
F
Autorefractor
O
D
-1
D
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
36
0.4
100
100
1.111
0.046
1.111
100
1.111
0.046
-4.000
-2.691
-0.534
0.000
-3.460
-0.614
4.0
34
0.63
4
94
94
1.853
0.188
1.541
90
1.853
0.268
6.000
-0.430
-0.142
10.000
-0.742
-0.222
-0.387
-3.106
-0.668
-4.854
3.5
31
0.63
4
94
94
2.032
0.228
1.690
90
2.032
0.308
6.000
-0.579
-0.182
10.000
-0.921
-0.262
-0.521
-3.982
-0.829
-5.731
3.0
31
0.63
4
94
94
2.032
0.228
1.690
90
2.032
0.308
6.000
-0.579
-0.182
10.000
-0.921
-0.262
-0.521
-3.982
-0.829
-5.731
2.5
33
0.4
100
100
1.212
0.084
1.212
100
1.212
0.084
0.000
-0.101
-0.038
0.000
-0.101
-0.038
-0.091
-0.826
-0.091
-0.826
2.0
30
0.5
3
98
98
1.667
0.162
1.452
95
1.667
0.222
2.000
-0.340
-0.116
5.000
-0.556
-0.176
-0.306
-2.537
-0.500
-3.848
1.5
25.5
0.4
4
104
104
1.569
0.116
1.305
100
1.569
0.196
-4.000
-0.194
-0.070
0.000
-0.458
-0.150
-0.174
-1.525
-0.412
-3.273
1.2
21
0.4
4
104
104
1.905
0.200
1.584
100
1.905
0.280
-4.000
-0.473
-0.154
0.000
-0.794
-0.234
-0.426
-3.367
-0.714
-5.116
1.0
26
0.5
4
99
99
1.923
0.204
1.600
95
1.923
0.284
1.000
-0.488
-0.158
5.000
-0.812
-0.238
-0.440
-3.458
-0.731
-5.207
0.6
35
1.6
4
74
74
4.571
0.580
3.802
70
4.571
0.660
26.000
-2.691
-0.534
30.000
-3.460
-0.614
-2.422
-11.677
-3.114
-13.425
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
39
0.6
90
90
1.538
0.187
1.538
90
1.538
0.187
0.000
0.000
0.000
0.000
0.000
0.000
5.000
-12.251
-0.952
5.000
-15.040
-1.032
4.0
34
1
4
84
84
2.941
0.389
2.446
80
2.941
0.469
6.000
-0.908
-0.201
10.000
-1.403
-0.281
-0.590
-1.077
-0.912
-1.504
3.5
32
1
4
84
84
3.125
0.415
2.599
80
3.125
0.495
6.000
-1.061
-0.228
10.000
-1.587
-0.308
-0.690
-1.217
-1.031
-1.645
3.0
33
1
4
84
84
3.030
0.401
2.520
80
3.030
0.481
6.000
-0.982
-0.214
10.000
-1.492
-0.294
-0.638
-1.146
-0.970
-1.574
2.5
29
1
3
83
83
3.448
0.478
3.003
80
3.448
0.538
7.000
-1.465
-0.291
10.000
-1.910
-0.351
-0.952
-1.553
-1.241
-1.874
2.0
31
1
3
83
83
3.226
0.449
2.810
80
3.226
0.509
7.000
-1.271
-0.262
10.000
-1.687
-0.322
-0.826
-1.398
-1.097
-1.719
1.5
26
1
3
83
83
3.846
0.525
3.350
80
3.846
0.585
7.000
-1.811
-0.338
10.000
-2.308
-0.398
-1.177
-1.806
-1.500
-2.127
1.2
26
0.8
85
85
3.077
0.488
3.077
85
3.077
0.488
5.000
-1.538
-0.301
5.000
-1.538
-0.301
-1.000
-1.609
-1.000
-1.609
1.0
28
1
80
80
3.571
0.553
3.571
80
3.571
0.553
10.000
-2.033
-0.366
10.000
-2.033
-0.366
-1.321
-1.955
-1.321
-1.955
0.6
38
6.3
4
44
44
16.579
1.140
13.790
40
16.579
1.220
46.000
-12.251
-0.952
50.000
-15.040
-1.032
-7.963
-5.091
-9.776
-5.519
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Subject:
16
Age:
50
G
ender:
M
Autorefractor
O
D
-0.5
D
O
S
Photopic
R
aw
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ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
58
0.63
4
94
94
1.086
-0.044
0.903
90
1.086
0.036
0.000
-2.299
-0.550
4.000
-2.590
-0.610
4.0
42
0.63
2
92
92
1.500
0.136
1.368
90
1.500
0.176
2.000
-0.465
-0.180
4.000
-0.414
-0.140
-0.514
4.087
-0.381
-3.903
3.5
38
0.8
2
87
87
2.105
0.283
1.920
85
2.105
0.323
7.000
-1.017
-0.327
9.000
-1.019
-0.367
-1.125
7.426
-0.938
-10.230
3.0
36.5
0.63
1
91
91
1.726
0.217
1.648
90
1.726
0.237
3.000
-0.745
-0.261
4.000
-0.640
-0.281
-0.824
5.923
-0.589
-7.828
2.5
39
0.63
3
93
93
1.615
0.148
1.407
90
1.615
0.208
1.000
-0.503
-0.192
4.000
-0.529
-0.252
-0.557
4.363
-0.487
-7.027
2.0
37
0.63
4
94
94
1.703
0.151
1.416
90
1.703
0.231
0.000
-0.513
-0.195
4.000
-0.616
-0.275
-0.568
4.428
-0.568
-7.664
1.5
35
0.63
4
94
94
1.800
0.175
1.497
90
1.800
0.255
0.000
-0.594
-0.219
4.000
-0.714
-0.299
-0.657
4.976
-0.657
-8.336
1.2
35
0.63
4
94
94
1.800
0.175
1.497
90
1.800
0.255
0.000
-0.594
-0.219
4.000
-0.714
-0.299
-0.657
4.976
-0.657
-8.336
1.0
34
0.8
3
88
88
2.353
0.312
2.049
85
2.353
0.372
6.000
-1.146
-0.356
9.000
-1.267
-0.416
-1.268
8.068
-1.166
-11.575
0.6
34
1.25
3
78
78
3.676
0.505
3.202
75
3.676
0.565
16.000
-2.299
-0.550
19.000
-2.590
-0.610
-2.544
12.464
-2.385
-16.972
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
52
1
3
83
83
1.923
0.224
1.675
80
1.923
0.284
0.000
0.000
0.000
3.000
0.000
-0.060
-1.000
-14.960
-0.997
3.000
-18.077
-1.077
4.0
42
1.25
4
79
79
2.976
0.394
2.475
75
2.976
0.474
4.000
-0.801
-0.170
8.000
-1.053
-0.250
-0.478
-0.757
-0.548
-0.879
3.5
40
1.25
4
79
79
3.125
0.415
2.599
75
3.125
0.495
4.000
-0.924
-0.191
8.000
-1.202
-0.271
-0.552
-0.852
-0.625
-0.954
3.0
37
1
1
81
81
2.703
0.412
2.581
80
2.703
0.432
2.000
-0.906
-0.188
3.000
-0.780
-0.208
-0.541
-0.838
-0.405
-0.732
2.5
34
1
3
83
83
2.941
0.409
2.562
80
2.941
0.469
0.000
-0.887
-0.185
3.000
-1.018
-0.245
-0.529
-0.824
-0.529
-0.861
2.0
34
1
4
84
84
2.941
0.389
2.446
80
2.941
0.469
-1.000
-0.771
-0.165
3.000
-1.018
-0.245
-0.461
-0.734
-0.529
-0.861
1.5
29
1.6
70
70
5.517
0.742
5.517
70
5.517
0.742
13.000
-3.842
-0.518
13.000
-3.594
-0.518
-2.294
-2.311
-1.869
-1.823
1.2
39
2
65
65
5.128
0.710
5.128
65
5.128
0.710
18.000
-3.453
-0.486
18.000
-3.205
-0.486
-2.062
-2.170
-1.667
-1.711
1.0
39
3.2
55
55
8.205
0.914
8.205
55
8.205
0.914
28.000
-6.530
-0.690
28.000
-6.282
-0.690
-3.899
-3.081
-3.267
-2.430
0.6
40
8
4
39
39
20.000
1.221
16.635
35
20.000
1.301
44.000
-14.960
-0.997
48.000
-18.077
-1.077
-8.932
-4.451
-9.400
-3.792
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Subject:
17
Age:
53
G
ender:
F
Autorefractor
O
D
-0.5
-0.75
x95
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
34
0.8
1
86
86
2.353
0.352
2.247
85
2.353
0.372
-11.000
-0.392
-0.070
-9.000
-0.677
-0.130
4.0
38
1
4
84
84
2.632
0.340
2.189
80
2.632
0.420
2.000
0.058
0.011
6.000
-0.279
-0.049
0.026
0.032
-0.118
-0.131
3.5
38
1
4
84
84
2.632
0.340
2.189
80
2.632
0.420
2.000
0.058
0.011
6.000
-0.279
-0.069
0.026
0.032
-0.118
-0.185
3.0
38
1
4
84
84
2.632
0.340
2.189
80
2.632
0.420
2.000
0.058
0.011
6.000
-0.279
-0.069
0.026
0.032
-0.118
-0.185
2.5
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
0.000
0.337
0.071
1.000
0.353
0.051
0.150
0.201
0.150
0.136
2.0
40
0.63
2
92
92
1.575
0.157
1.436
90
1.575
0.197
-6.000
0.811
0.194
-4.000
0.778
0.154
0.361
0.553
0.331
0.415
1.5
39
0.63
3
93
93
1.615
0.148
1.407
90
1.615
0.208
-7.000
0.840
0.203
-4.000
0.738
0.143
0.374
0.578
0.313
0.386
1.2
39
0.5
2
97
97
1.282
0.068
1.169
95
1.282
0.108
-11.000
1.078
0.284
-9.000
1.071
0.244
0.480
0.807
0.455
0.656
1.0
35
0.5
2
97
97
1.429
0.115
1.303
95
1.429
0.155
-11.000
0.944
0.237
-9.000
0.924
0.197
0.420
0.673
0.393
0.529
0.6
33
1
3
83
83
3.030
0.421
2.639
80
3.030
0.481
3.000
-0.392
-0.070
6.000
-0.677
-0.130
-0.175
-0.199
-0.288
-0.349
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
40
1.25
3
78
78
3.125
0.435
2.722
75
3.125
0.495
0.000
0.000
0.000
3.000
0.000
-0.060
-11.000
-5.278
-0.468
-7.000
-4.875
-0.468
4.0
38
1.25
3
78
78
3.289
0.457
2.865
75
3.289
0.517
0.000
-0.143
-0.022
3.000
-0.164
-0.082
-0.053
-0.051
-0.053
-0.166
3.5
38
1
1
81
81
2.632
0.400
2.513
80
2.632
0.420
-3.000
0.209
0.035
-2.000
0.493
0.015
0.077
0.080
0.158
0.030
3.0
38
1
1
81
81
2.632
0.400
2.513
80
2.632
0.420
-3.000
0.209
0.035
-2.000
0.493
0.015
0.077
0.080
0.158
0.030
2.5
38
1
3
83
83
2.632
0.360
2.292
80
2.632
0.420
-5.000
0.430
0.075
-2.000
0.493
0.015
0.158
0.172
0.158
0.030
2.0
38
0.8
1
86
86
2.105
0.303
2.011
85
2.105
0.323
-8.000
0.711
0.132
-7.000
1.020
0.112
0.261
0.303
0.326
0.225
1.5
38
0.8
4
89
89
2.105
0.243
1.751
85
2.105
0.323
-11.000
0.971
0.192
-7.000
1.020
0.112
0.357
0.440
0.326
0.225
1.2
38
0.8
2
87
87
2.105
0.283
1.920
85
2.105
0.323
-9.000
0.802
0.152
-7.000
1.020
0.112
0.295
0.348
0.326
0.225
1.0
41
1.25
75
75
3.049
0.484
3.049
75
3.049
0.484
3.000
-0.327
-0.049
3.000
0.076
-0.049
-0.120
-0.113
0.024
-0.100
0.6
40
3.2
55
55
8.000
0.903
8.000
55
8.000
0.903
23.000
-5.278
-0.468
23.000
-4.875
-0.468
-1.939
-1.077
-1.560
-0.946
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Subject:
18
Age:
53
G
ender:
M
Autorefractor
O
D
-0.25
D
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
51
0.5
3
98
98
0.980
-0.069
0.854
95
0.980
-0.009
-7.000
-1.808
-0.494
-7.000
-2.220
-0.574
4.0
51
0.5
4
99
99
0.980
-0.089
0.815
95
0.980
-0.009
-1.000
0.038
0.020
3.000
0.000
0.000
0.045
-0.292
0.000
0.000
3.5
51
0.5
4
99
99
0.980
-0.089
0.815
95
0.980
-0.009
-1.000
0.038
0.020
3.000
0.000
-0.060
0.045
-0.292
0.000
6.977
3.0
52
0.5
3
98
98
0.962
-0.077
0.837
95
0.962
-0.017
0.000
0.016
0.008
3.000
0.019
-0.052
0.019
-0.123
0.019
5.996
2.5
51
0.4
4
99
99
0.784
-0.186
0.652
95
0.784
-0.106
-1.000
0.202
0.117
3.000
0.196
0.037
0.236
-1.704
0.200
-4.292
2.0
52
0.4
100
100
0.769
-0.114
0.769
100
0.769
-0.114
-2.000
0.085
0.045
-2.000
0.211
0.045
0.099
-0.661
0.215
-5.272
1.5
52
0.4
1
104
104
0.769
-0.134
0.735
100
0.769
-0.114
-6.000
0.119
0.065
-2.000
0.211
0.045
0.140
-0.953
0.215
-5.272
1.2
50
0.3
105
105
0.600
-0.222
0.600
105
0.600
-0.222
-7.000
0.254
0.153
-7.000
0.380
0.153
0.297
-2.234
0.388
-17.819
1.0
50
0.63
4
94
94
1.260
0.020
1.048
90
1.260
0.100
4.000
-0.194
-0.089
8.000
-0.280
-0.169
-0.227
1.297
-0.285
19.647
0.6
50
1.6
4
74
74
3.200
0.425
2.662
70
3.200
0.505
24.000
-1.808
-0.494
28.000
-2.220
-0.574
-2.117
7.198
-2.264
66.714
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
51
1
85
85
1.961
0.292
1.961
85
1.961
0.292
0.000
0.000
0.000
0.000
0.000
0.000
-9.000
-7.843
-0.699
-5.000
-7.843
-0.699
4.0
51
0.63
3
93
93
1.235
0.032
1.076
90
1.235
0.092
-8.000
0.885
0.261
-5.000
0.725
0.201
0.451
0.891
0.370
0.686
3.5
51
0.63
90
90
1.235
0.092
1.235
90
1.235
0.092
-5.000
0.725
0.201
-5.000
0.725
0.201
0.370
0.686
0.370
0.686
3.0
51
0.63
90
90
1.235
0.092
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1.235
0.092
-9.000
0.933
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0.725
0.201
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1.305
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0 .417
2.609
70
3.137
0.497
11.000
-0.649
-0.124
15.000
-1.176
-0.204
-0.331
-0.424
-0.600
-0.698
1.0
51
5
4
49
49
9.804
0.911
8.155
45
9.804
0.991
36.000
-6.194
-0.619
40.000
-7.843
-0.699
-3.159
-2.117
-4.000
-2.390
0.6
51
5
45
45
9.804
0.991
9.804
45
9.804
0.991
40.000
-7.843
-0.699
40.000
-7.843
-0.699
-4.000
-2.390
-4.000
-2.390
109  
Subject:
19
Age:
51
G
ender:
F
Autorefractor
O
D
0.5
-1
x100
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
49
1
80
80
2.041
0.310
2.041
80
2.041
0.310
-10.000
-2.676
-0.364
-10.000
-2.676
-0.364
4.0
53
2.5
65
65
4.717
0.674
4.717
65
4.717
0.674
15.000
-2.676
-0.364
15.000
-2.676
-0.364
-1.311
-1.174
-1.311
-1.174
3.5
58
1.6
70
70
2.759
0.441
2.759
70
2.759
0.441
10.000
-0.718
-0.131
10.000
-0.718
-0.131
-0.352
-0.422
-0.352
-0.422
3.0
51
1.6
70
70
3.137
0.497
3.137
70
3.137
0.497
10.000
-1.096
-0.187
10.000
-1.096
-0.187
-0.537
-0.603
-0.537
-0.603
2.5
50
1.25
75
75
2.500
0.398
2.500
75
2.500
0.398
5.000
-0.459
-0.088
5.000
-0.459
-0.088
-0.225
-0.284
-0.225
-0.284
2.0
49
1
80
80
2.041
0.310
2.041
80
2.041
0.310
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.5
36
0.8
85
85
2.222
0.347
2.222
85
2.222
0.347
-5.000
-0.181
-0.037
-5.000
-0.181
-0.037
-0.089
-0.119
-0.089
-0.119
1.2
41
0.8
85
85
1.951
0.290
1.951
85
1.951
0.290
-5.000
0.090
0.019
-5.000
0.090
0.019
0.044
0.063
0.044
0.063
1.0
27
0.63
90
90
2.333
0.368
2.333
90
2.333
0.368
-10.000
-0.293
-0.058
-10.000
-0.293
-0.058
-0.143
-0.188
-0.143
-0.188
0.6
28
0.8
85
85
2.857
0.456
2.857
85
2.857
0.456
-5.000
-0.816
-0.146
-5.000
-0.816
-0.146
-0.400
-0.472
-0.400
-0.472
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
80
3.2
55
55
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0.602
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-0.882
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10.000
65
10.000
1.000
-10.000
-6.000
-0.398
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0.879
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60
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-0.894
-0.461
-0.894
-0.461
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2.5
60
60
7.143
0.854
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0.854
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-0.252
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-0.786
-0.418
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-6.237
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-2.077
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70
70
13.333
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13.333
70
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1.125
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-9.333
-0.523
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-9.333
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-2.333
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25
0.32
3
108
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1.280
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1.115
105
1.280
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-2.142
-0.466
-7.000
-2.291
-0.506
4.0
20
0.32
105
105
1.600
0.204
1.600
105
1.600
0.204
3.000
-0.485
-0.157
3.000
-0.320
-0.097
-0.435
-3.324
-0.250
-0.904
3.5
17
0.32
3
108
108
1.882
0.215
1.639
105
1.882
0.275
0.000
-0.525
-0.167
3.000
-0.602
-0.227
-0.471
-3.548
-0.471
-2.122
3.0
17
0.25
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112
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0.127
1.341
110
1.471
0.167
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-0.226
-0.080
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-0.191
-0.120
-0.203
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-0.149
-1.122
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3
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1.471
0.107
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110
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0.167
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-0.191
-0.120
-0.149
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-1.122
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115
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0.022
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115
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0.022
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1.2
16
0.2
115
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115
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0.023
-0.464
1.0
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0.32
2
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0.261
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105
2.000
0.301
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-0.214
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22
0.32
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1.455
0.163
1.455
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1.455
0.163
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-5.822
-0.699
0.000
-6.165
-0.719
4.0
13
0.4
2
102
102
3.077
0.448
2.806
100
3.077
0.488
3.000
-1.352
-0.285
5.000
-1.622
-0.325
-0.929
-1.754
-1.115
-2.000
3.5
11
0.32
105
105
2.909
0.464
2.909
105
2.909
0.464
0.000
-1.455
-0.301
0.000
-1.455
-0.301
-1.000
-1.850
-1.000
-1.850
3.0
12
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99
4.167
0.540
3.466
95
4.167
0.620
6.000
-2.011
-0.377
10.000
-2.712
-0.457
-1.383
-2.317
-1.865
-2.809
2.5
13
0.4
4
104
104
3.077
0.408
2.559
100
3.077
0.488
1.000
-1.105
-0.245
5.000
-1.622
-0.325
-0.760
-1.508
-1.115
-2.000
2.0
11
0.4
4
104
104
3.636
0.481
3.025
100
3.636
0.561
1.000
-1.570
-0.318
5.000
-2.182
-0.398
-1.079
-1.954
-1.500
-2.445
1.5
10
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3
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103
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0.542
3.484
100
4.000
0.602
2.000
-2.029
-0.379
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-2.545
-0.439
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-2.331
-1.750
-2.700
1.2
12
0.4
2
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3.333
0 .483
3.040
100
3.333
0.523
3.000
-1.585
-0.320
5.000
-1.879
-0.360
-1.090
-1.967
-1.292
-2.213
1.0
15
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2.667
0.406
2.547
100
2.667
0.426
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-1.092
-0.243
5.000
-1.212
-0.263
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0.8
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0.862
7.276
85
7.619
0.882
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-5.822
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-6.165
-0.719
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-4.297
-4.238
-4.420
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1.379
0.140
1.379
85
1.379
0.140
-22.000
-0.866
-0.212
-20.000
-1.082
-0.252
4.0
55
0.8
85
85
1.455
0.163
1.455
85
1.455
0.163
0.000
-0.075
-0.023
0.000
-0.075
-0.023
-0.055
-0.165
-0.055
-0.165
3.5
48
1
4
84
84
2.083
0.239
1.733
80
2.083
0.319
1.000
-0.354
-0.099
5.000
-0.704
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-0.256
-0.710
-0.510
-1.282
3.0
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1
4
84
84
2.083
0.239
1.733
80
2.083
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-0.099
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0.125
-19.000
0.270
0.095
-15.000
0.046
0.015
0.196
0.678
0.033
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33
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1.212
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0.056
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0.402
1.0
22
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100
100
1.818
0.260
1.818
100
1.818
0.260
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-0.439
-0.120
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-0.439
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-0.318
-0.859
-0.318
-0.859
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-0.469
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-4.116
-0.469
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1.6
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4.775
70
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0.699
8.000
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-0.306
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-2.159
-0.326
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-0.760
-0.718
3.5
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1.6
70
70
4.706
0.673
4.706
70
4.706
0.673
9.000
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-0.299
9.000
-1.865
-0.299
-0.992
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-0.660
3.0
35
1.6
4
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74
4.571
0.580
3.802
70
4.571
0.660
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9.000
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-0.609
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-0.609
-0.632
2.5
44
1
1
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81
2.273
0.337
2.170
80
2.273
0.357
-2.000
0.193
0.037
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0.568
0.017
0.081
0.099
0.200
0.037
2.0
43
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85
1.860
0.270
1.860
85
1.860
0.270
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0.503
0.104
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0.980
0.104
0.213
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0.345
0.229
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0.270
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0.345
0.229
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4
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3.556
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3.556
0.551
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-0.594
-0.097
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-0.715
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-0.261
-0.252
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1.0
24
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85
85
3.333
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3.333
85
3.333
0.523
-6.000
-0.970
-0.149
-6.000
-0.492
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-0.330
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70
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0.842
6.957
70
6.957
0.842
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-4.594
-0.469
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38
1.25
2
77
77
3.289
0.477
3.000
75
3.289
0.517
-23.000
-2.333
-0.250
-23.000
-2.044
-0.250
4.0
12
0.63
90
90
5.250
0.720
5.250
90
5.250
0.720
-13.000
-2.250
-0.243
-13.000
-1.961
-0.203
-0.750
-0.509
-0.596
-0.393
3.5
15
0.8
85
85
5.333
0.727
5.333
85
5.333
0.727
-8.000
-2.333
-0.250
-8.000
-2.044
-0.250
-0.778
-0.524
-0.621
-0.483
3.0
15
0.8
85
85
5.333
0.727
5.333
85
5.333
0.727
-8.000
-2.333
-0.250
-8.000
-2.044
-0.250
-0.778
-0.524
-0.621
-0.483
2.5
15
0.8
85
85
5.333
0.727
5.333
85
5.333
0.727
-8.000
-2.333
-0.250
-8.000
-2.044
-0.250
-0.778
-0.524
-0.621
-0.483
2.0
14
0.63
90
90
4.500
0.653
4.500
90
4.500
0.653
-13.000
-1.500
-0.176
-13.000
-1.211
-0.176
-0.500
-0.369
-0.368
-0.341
1.5
16
0.63
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94
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3.938
0.515
3.275
90
3.938
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-0.275
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100
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100
2.500
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0.079
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0.166
0.240
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1.0
24
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100
100
1.667
0.222
1.667
100
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0.222
-23.000
1.333
0.255
-23.000
1.623
0.255
0.444
0.535
0.493
0.494
0.6
22
0.63
3
93
93
2.864
0.397
2.494
90
2.864
0.457
-16.000
0.506
0.080
-13.000
0.426
0.020
0.169
0.168
0.129
0.039
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
35
1.7
3
73
73
4.857
0.626
4.230
70
4.857
0.686
0.000
0.000
0.000
3.000
0.000
-0.060
-7.000
-15.000
-0.658
-7.000
-14.374
-0.658
4.0
22
1.25
4
79
79
5.682
0.674
4.726
75
5.682
0.754
-6.000
-0.496
-0.048
-2.000
-0.825
-0.128
-0.117
-0.077
-0.170
-0.187
3.5
28
1.25
3
78
78
4.464
0.590
3.888
75
4.464
0.650
-5.000
0.342
0.037
-2.000
0.393
-0.023
0.081
0.058
0.081
-0.034
3.0
31
1
80
80
3.226
0.509
3.226
80
3.226
0.509
-7.000
1.005
0.118
-7.000
1.631
0.118
0.237
0.188
0.336
0.172
2.5
35
1
80
80
2.857
0.456
2.857
80
2.857
0.456
-7.000
1.373
0.170
-7.000
2.000
0.170
0.325
0.272
0.412
0.248
2.0
36
1
80
80
2.778
0.444
2.778
80
2.778
0.444
-7.000
1.453
0.183
-7.000
2.079
0.183
0.343
0.292
0.428
0.266
1.5
43
1
80
80
2.326
0.367
2.326
80
2.326
0.367
-7.000
1.905
0.260
-7.000
2.532
0.260
0.450
0.415
0.521
0.379
1.2
36
1
80
80
2.778
0.444
2.778
80
2.778
0.444
-7.000
1.453
0.183
-7.000
2.079
0.183
0.343
0.292
0.428
0.266
1.0
18
1.25
4
79
79
6.944
0.762
5.776
75
6.944
0.842
-6.000
-1.546
-0.135
-2.000
-2.087
-0.215
-0.365
-0.216
-0.430
-0.314
0.6
13
2.5
60
60
19.231
1.284
19.231
60
19.231
1.284
13.000
-15.000
-0.658
13.000
-14.374
-0.658
-3.546
-1.050
-2.959
-0.958
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Subject:
23
Age:
49
G
ender:
M
Autorefractor
O
D
PL
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
40
0.5
95
95
1.250
0.097
1.250
95
1.250
0.097
-5.000
-2.007
-0.416
-5.000
-2.321
-0.456
4.0
40
1
2
82
82
2.500
0.358
2.280
80
2.500
0.398
13.000
-1.030
-0.261
15.000
-1.250
-0.301
-0.824
-2.694
-1.000
-3.106
3.5
30
0.8
2
87
87
2.667
0.386
2.432
85
2.667
0.426
8.000
-1.182
-0.289
10.000
-1.417
-0.329
-0.946
-2.983
-1.133
-3.396
3.0
28
1
2
82
82
3.571
0.513
3.257
80
3.571
0.553
13.000
-2.007
-0.416
15.000
-2.321
-0.456
-1.606
-4.292
-1.857
-4.705
2.5
28
0.8
3
83
83
2.857
0.396
2.488
80
2.857
0.456
12.000
-1.238
-0.299
15.000
-1.607
-0.359
-0.991
-3.086
-1.286
-3.705
2.0
30
0.63
90
90
2.100
0.322
2.100
90
2.100
0.322
5.000
-0.850
-0.225
5.000
-0.850
-0.225
-0.680
-2.325
-0.680
-2.325
1.5
22
0.5
95
95
2.273
0.357
2.273
95
2.273
0.357
0.000
-1.023
-0.260
0.000
-1.023
-0.260
-0.818
-2.679
-0.818
-2.679
1.2
23
0.4
100
100
1.739
0.240
1.739
100
1.739
0.240
-5.000
-0.489
-0.143
-5.000
-0.489
-0.143
-0.391
-1.480
-0.391
-1.480
1.0
22.5
0.5
95
95
2.222
0.347
2.222
95
2.222
0.347
0.000
-0.972
-0.250
0.000
-0.972
-0.250
-0.778
-2.578
-0.778
-2.578
0.6
18
0.5
95
95
2.778
0.444
2.778
95
2.778
0.444
0.000
-1.528
-0.347
0.000
-1.528
-0.347
-1.222
-3.578
-1.222
-3.578
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
38
1.25
4
79
79
3.289
0.437
2.736
75
3.289
0.517
0.000
0.000
0.000
4.000
0.000
-0.080
-10.000
-9.572
-0.653
-6.000
-9.018
-0.653
4.0
28
1.25
75
75
4.464
0.650
4.464
75
4.464
0.650
4.000
-1.728
-0.213
4.000
-1.175
-0.213
-0.632
-0.486
-0.357
-0.411
3.5
22
1.6
70
70
7.273
0.862
7.273
70
7.273
0.862
9.000
-4.537
-0.425
9.000
-3.983
-0.425
-1.658
-0.971
-1.211
-0.821
3.0
20
1.6
2
72
72
8.000
0.863
7.296
70
8.000
0.903
7.000
-4.560
-0.426
9.000
-4.711
-0.466
-1.667
-0.974
-1.432
-0.901
2.5
20
1.25
75
75
6.250
0.796
6.250
75
6.250
0.796
4.000
-3.514
-0.359
4.000
-2.961
-0.359
-1.284
-0.821
-0.900
-0.694
2.0
18
1
1
81
81
5.556
0.725
5.306
80
5.556
0.745
-2.000
-2.569
-0.288
-1.000
-2.266
-0.308
-0.939
-0.658
-0.689
-0.595
1.5
17
0.8
2
87
87
4.706
0.633
4.292
85
4.706
0.673
-8.000
-1.556
-0.196
-6.000
-1.416
-0.236
-0.569
-0.447
-0.431
-0.455
1.2
18
0.8
4
89
89
4.444
0.568
3.697
85
4.444
0.648
-10.000
-0.961
-0.131
-6.000
-1.155
-0.211
-0.351
-0.299
-0.351
-0.407
1.0
15
1
4
84
84
6.667
0.744
5.545
80
6.667
0.824
-5.000
-2.809
-0.307
-1.000
-3.377
-0.387
-1.027
-0.702
-1.027
-0.748
0.6
13
1.6
70
70
12.308
1.090
12.308
70
12.308
1.090
9.000
-9.572
-0.653
9.000
-9.018
-0.653
-3.498
-1.494
-2.742
-1.263
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Subject:
24
Age:
79
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
45
6.3
2
42
42
14.000
1.106
12.768
40
14.000
1.146
-44.000
9.826
0.637
-43.000
10.622
0.577
4.0
42
1.25
2
77
77
2.976
0.434
2.714
75
2.976
0.474
-35.000
10.054
0.672
-33.000
11.024
0.672
0.787
0.608
0.787
0.587
3.5
40
1.25
4
79
79
3.125
0.415
2.599
75
3.125
0.495
-37.000
10.169
0.691
-33.000
10.875
0.611
0.796
0.625
0.777
0.533
3.0
40.5
1.25
3
78
78
3.086
0.429
2.688
75
3.086
0.489
-36.000
10.080
0.677
-33.000
10.914
0.617
0.789
0.612
0.780
0.538
2.5
37
1.25
3
78
78
3.378
0.469
2.942
75
3.378
0.529
-36.000
9.826
0.637
-33.000
10.622
0.577
0.770
0.576
0.759
0.504
2.0
37.5
1
80
80
2.667
0.426
2.667
80
2.667
0.426
-38.000
10.101
0.680
-38.000
11.333
0.680
0.791
0.615
0.810
0.593
1.5
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
-44.000
10.858
0.825
-43.000
12.000
0.805
0.850
0.746
0.857
0.702
1.2
41
0.8
1
86
86
1.951
0.270
1.863
85
1.951
0.290
-44.000
10.905
0.836
-43.000
12.049
0.816
0.854
0.756
0.861
0.712
1.0
40
1
3
83
83
2.500
0.338
2.177
80
2.500
0.398
-41.000
10.591
0.768
-38.000
11.500
0.708
0.829
0.694
0.821
0.618
0.6
41.5
1
2
82
82
2.410
0.342
2.198
80
2.410
0.382
-40.000
10.571
0.764
-38.000
11.590
0.724
0.828
0.691
0.828
0.632
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
38
8
2
37
37
21.053
1.283
19.200
35
21.053
1.323
0.000
0.000
0.000
2.000
0.000
-0.040
-31.000
-4.329
-0.088
-28.000
-2.477
-0.088
4.0
39
5
3
48
48
12.821
1.048
11.166
45
12.821
1.108
-11.000
8.034
0.235
-8.000
8.232
0.175
0.418
0.183
0.391
0.133
3.5
35
3.2
2
57
57
9.143
0.921
8.338
55
9.143
0.961
-20.000
10.862
0.362
-18.000
11.910
0.322
0.566
0.282
0.566
0.243
3.0
36.5
3.2
2
57
57
8.767
0.903
7.996
55
8.767
0.943
-20.000
11.205
0.380
-18.000
12.286
0.340
0.584
0.296
0.584
0.257
2.5
38
3.2
4
59
59
8.421
0.845
7.004
55
8.421
0.925
-22.000
12.196
0.438
-18.000
12.632
0.358
0.635
0.341
0.600
0.270
2.0
39
3.2
4
59
59
8.205
0.834
6.825
55
8.205
0.914
-22.000
12.375
0.449
-18.000
12.848
0.369
0.645
0.350
0.610
0.279
1.5
41
2
3
68
68
4.878
0.628
4.249
65
4.878
0.688
-31.000
14.952
0.655
-28.000
16.175
0.595
0.779
0.510
0.768
0.450
1.2
39
2
3
68
68
5.128
0.650
4.466
65
5.128
0.710
-31.000
14.734
0.633
-28.000
15.924
0.573
0.767
0.494
0.756
0.433
1.0
40
3.2
2
57
57
8.000
0.863
7.296
55
8.000
0.903
-20.000
11.904
0.420
-18.000
13.053
0.380
0.620
0.327
0.620
0.287
0.6
34
8
35
35
23.529
1.372
23.529
35
23.529
1.372
2.000
-4.329
-0.088
2.000
-2.477
-0.088
-0.225
-0.069
-0.118
-0.067
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 Subject:
25
Age:
74
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
51
1.25
2
77
77
2.451
0.349
2.235
75
2.451
0.389
-14.000
-3.197
-0.386
-13.000
-4.080
-0.466
4.0
49
1
3
83
83
2.041
0.250
1.777
80
2.041
0.310
-6.000
0.458
0.100
-3.000
0.410
0.080
0.205
0.285
0.167
0.204
3.5
49
0.8
4
89
89
1.633
0.133
1.358
85
1.633
0.213
-12.000
0.877
0.216
-8.000
0.818
0.136
0.392
0.620
0.334
0.350
3.0
49
0.8
4
89
89
1.633
0.133
1.358
85
1.633
0.213
-12.000
0.877
0.216
-8.000
0.818
0.136
0.392
0.620
0.334
0.350
2.5
49
0.8
4
89
89
1.633
0.133
1.358
85
1.633
0.213
-12.000
0.877
0.216
-8.000
0.818
0.136
0.392
0.620
0.334
0.350
2.0
49
0.63
1
91
91
1.286
0.089
1.228
90
1.286
0.109
-14.000
1.007
0.260
-13.000
1.165
0.240
0.451
0.745
0.475
0.617
1.5
49
0.8
1
86
86
1.633
0.193
1.559
85
1.633
0.213
-9.000
0.676
0.156
-8.000
0.818
0.136
0.302
0.448
0.334
0.350
1.2
53
1
3
83
83
1.887
0.216
1.643
80
1.887
0.276
-6.000
0.592
0.134
-3.000
0.564
0.074
0.265
0.382
0.230
0.189
1.0
49
1.6
4
74
74
3.265
0.434
2.716
70
3.265
0.514
3.000
-0.481
-0.085
7.000
-0.814
-0.165
-0.215
-0.242
-0.332
-0.423
0.6
49
3.2
4
59
59
6.531
0.735
5.432
55
6.531
0.815
18.000
-3.197
-0.386
22.000
-4.080
-0.466
-1.430
-1.104
-1.664
-1.196
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
54
1.6
3
73
73
2.963
0.412
2.581
70
2.963
0.472
0.000
0.000
0.000
3.000
0.000
-0.060
-11.000
-7.218
-0.579
-7.000
-8.287
-0.639
4.0
56
1.25
1
76
76
2.232
0.329
2.132
75
2.232
0.349
-3.000
0.449
0.083
-2.000
0.731
0.063
0.174
0.202
0.247
0.134
3.5
56
1.25
4
79
79
2.232
0.269
1.857
75
2.232
0.349
-6.000
0.724
0.143
-2.000
0.731
0.063
0.281
0.347
0.247
0.134
3.0
56
1.6
4
74
74
2.857
0.376
2.376
70
2.857
0.456
-1.000
0.204
0.036
3.000
0.106
-0.044
0.079
0.087
0.036
-0.094
2.5
55
1
4
84
84
1.818
0.180
1.512
80
1.818
0.260
-11.000
1.068
0.232
-7.000
1.145
0.152
0.414
0.564
0.386
0.322
2.0
55
1
4
84
84
1.818
0.180
1.512
80
1.818
0.260
-11.000
1.068
0.232
-7.000
1.145
0.152
0.414
0.564
0.386
0.322
1.5
55
1.6
4
74
74
2.909
0.384
2.420
70
2.909
0.464
-1.000
0.161
0.028
3.000
0.054
-0.052
0.062
0.068
0.018
-0.110
1.2
55
2
3
68
68
3.636
0.501
3.167
65
3.636
0.561
5.000
-0.587
-0.089
8.000
-0.673
-0.149
-0.227
-0.216
-0.227
-0.316
1.0
55
5
4
49
49
9.091
0.879
7.561
45
9.091
0.959
24.000
-4.981
-0.467
28.000
-6.128
-0.547
-1.930
-1.134
-2.068
-1.159
0.6
56
6.3
3
43
43
11.250
0.991
9.798
40
11.250
1.051
30.000
-7.218
-0.579
33.000
-8.287
-0.639
-2.797
-1.407
-2.797
-1.356
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Subject:
26
Age:
66
G
ender:
M
Autorefractor
O
D
O
S
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
40
1.6
70
70
4.000
0.602
4.000
70
4.000
0.602
-15.000
-7.400
-0.455
-15.000
-8.500
-0.495
4.0
30
1.25
75
75
4.167
0.620
4.167
75
4.167
0.620
-5.000
-0.167
-0.018
-5.000
-0.167
-0.018
-0.042
-0.029
-0.042
-0.029
3.5
10
1.25
2
77
77
12.500
1.057
11.400
75
12.500
1.097
-7.000
-7.400
-0.455
-5.000
-8.500
-0.495
-1.850
-0.755
-2.125
-0.822
3.0
20
1.25
3
78
78
6.250
0.736
5.444
75
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2
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80
5.000
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-0.250
-0.161
1.5
20
1
4
84
84
5.000
0.619
4.159
80
5.000
0.699
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-0.159
-0.017
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-0.040
-0.028
-0.250
-0.161
1.2
30
0.8
85
85
2.667
0.426
2.667
85
2.667
0.426
-15.000
1.333
0.176
-15.000
1.333
0.176
0.333
0.292
0.333
0.292
1.0
30
1
80
80
3.333
0.523
3.333
80
3.333
0.523
-10.000
0.667
0.079
-10.000
0.667
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0.167
0.132
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20
1.25
3
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78
6.250
0.736
5.444
75
6.250
0.796
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-1.444
-0.134
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-2.250
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-0.361
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0
75
75
4.167
0.620
4.167
75
4.167
0.620
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0.000
0.000
0.000
0.000
0.000
-7.000
-6.720
-0.417
-5.000
-8.333
-0.477
4.0
20
1.25
3
78
78
6.250
0.736
5.444
75
6.250
0.796
-3.000
-1.277
-0.116
0.000
-2.083
-0.176
-0.306
-0.187
-0.500
-0.284
3.5
10
1.25
3
78
78
12.500
1.037
10.887
75
12.500
1.097
-3.000
-6.720
-0.417
0.000
-8.333
-0.477
-1.613
-0.673
-2.000
-0.770
3.0
30
1.6
3
73
73
5.333
0.667
4.645
70
5.333
0.727
2.000
-0.478
-0.047
5.000
-1.167
-0.107
-0.115
-0.076
-0.280
-0.173
2.5
20
1.25
75
75
6.250
0.796
6.250
75
6.250
0.796
0.000
-2.083
-0.176
0.000
-2.083
-0.176
-0.500
-0.284
-0.500
-0.284
2.0
20
1.25
1
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6.250
0.776
5.969
75
6.250
0.796
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-2.083
-0.176
-0.432
-0.252
-0.500
-0.284
1.5
20
1
2
82
82
5.000
0.659
4.560
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5.000
0.699
-7.000
-0.393
-0.039
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-0.833
-0.079
-0.094
-0.063
-0.200
-0.128
1.2
30
1
1
81
81
3.333
0.503
3.183
80
3.333
0.523
-6.000
0.983
0.117
-5.000
0.833
0.097
0.236
0.189
0.200
0.156
1.0
30
1.6
4
74
74
5.333
0.647
4.436
70
5.333
0.727
1.000
-0.269
-0.027
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-1.167
-0.107
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-0.280
-0.173
0.6
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3
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68
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6.667
0.824
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-0.144
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-2.500
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-0.233
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-0.329
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80
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0.244
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0.244
1.0
40
1
80
80
2.500
0.398
2.500
80
2.500
0.398
0.000
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0.6
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1.25
3
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1
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-19.000
-4.180
-0.321
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-4.000
-0.321
4.0
40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
-4.000
0.695
0.087
-4.000
0.875
0.087
0.182
0.150
0.219
0.145
3.5
40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
-4.000
0.695
0.087
-4.000
0.875
0.087
0.182
0.150
0.219
0.145
3.0
40
1.25
4
79
79
3.125
0.415
2.599
75
3.125
0.495
-8.000
1.221
0.167
-4.000
0.875
0.087
0.320
0.287
0.219
0.145
2.5
40
1
80
80
2.500
0.398
2.500
80
2.500
0.398
-9.000
1.320
0.184
-9.000
1.500
0.184
0.346
0.316
0.375
0.306
2.0
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
-14.000
1.820
0.281
-14.000
2.000
0.281
0.476
0.483
0.500
0.467
1.5
40
0.63
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90
1.575
0.197
1.575
90
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0.197
-19.000
2.245
0.385
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2.425
0.385
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40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
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0 .695
0.087
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0.875
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0.182
0.150
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4
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0.620
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8.000
85
8.000
0.903
-14.000
-4.180
-0.321
-14.000
-4.000
-0.321
-1.094
-0.552
-1.000
-0.533
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-0.381
4.0
20
1.25
1
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76
6.250
0.776
5.969
75
6.250
0.796
-7.000
-1.810
-0.157
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-1.250
-0.097
-0.435
-0.254
-0.250
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1.25
2
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6.250
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75
6.250
0.796
-8.000
-1.541
-0.137
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-1.250
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-0.221
-0.250
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1
1
81
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-12.000
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-0.361
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1
4
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3.333
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3.333
0.523
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0.176
-11.000
1.667
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0.333
0.284
0.333
0.137
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0.8
1
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0.281
1.910
85
2.000
0.301
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0.318
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0.455
1.5
40
0.8
4
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0.221
1.664
85
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0.301
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0.398
-16.000
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0.318
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0.455
1.2
40
0.63
90
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1.575
0.197
1.575
90
1.575
0.197
-21.000
2.584
0.422
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3.425
0.422
0.621
0.681
0.685
0.603
1.0
40
1.25
4
79
79
3.125
0.415
2.599
75
3.125
0.495
-10.000
1.560
0.204
-6.000
1.875
0.124
0.375
0.330
0.375
0.178
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40
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1
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91
1.575
0.177
1.504
90
1.575
0.197
-22.000
2.655
0.442
-21.000
3.425
0.422
0.638
0.714
0.685
0.603
Scotopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
10
2
1
66
66
20.000
1.281
19.100
65
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1.000
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6.600
0.184
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7.500
0.184
4.0
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1.25
75
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1.097
12.500
75
12.500
1.097
-9.000
6.600
0.184
-9.000
7.500
0.184
0.346
0.144
0.375
0.142
3.5
10
1.25
1
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12.500
1.077
11.937
75
12.500
1.097
-10.000
7.162
0.204
-9.000
7.500
0.184
0.375
0.159
0.375
0.142
3.0
20
1.25
75
75
6.250
0.796
6.250
75
6.250
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-9.000
12.850
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0.673
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0.688
0.373
2.5
10
1
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80
10.000
1.000
10.000
80
10.000
1.000
-14.000
9.100
0.281
-14.000
10.000
0.281
0.476
0.219
0.500
0.216
2.0
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-14.000
14.100
0.582
-14.000
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0.582
0.738
0.454
0.750
0.447
1.5
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0.8
85
85
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0.903
8.000
85
8.000
0.903
-19.000
11.100
0.378
-19.000
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0.378
0.581
0.295
0.600
0.290
1.2
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
-14.000
9.100
0.281
-14.000
10.000
0.281
0.476
0.219
0.500
0.216
1.0
30
0.8
85
85
2.667
0.426
2.667
85
2.667
0.426
-19.000
16.433
0.855
-19.000
17.333
0.855
0.860
0.667
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0.657
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0.602
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4.000
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0.449
0.370
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2.500
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2.500
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0.200
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1.600
0.204
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0.204
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120  
Subject:
30
Age:
68
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
20
0.5
95
95
2.500
0.398
2.500
95
2.500
0.398
-10.000
-3.246
-0.361
-10.000
-3.800
-0.401
4.0
30
0.63
2
92
92
2.100
0.282
1.915
90
2.100
0.322
3.000
0.585
0.116
5.000
0.400
0.076
0.234
0.291
0.160
0.190
3.5
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
5.000
0.925
0.201
5.000
0.925
0.201
0.370
0.504
0.370
0.504
3.0
10
0.63
2
92
92
6.300
0.759
5.746
90
6.300
0.799
3.000
-3.246
-0.361
5.000
-3.800
-0.401
-1.298
-0.908
-1.520
-1.009
2.5
30
0.5
1
96
96
1.667
0.202
1.592
95
1.667
0.222
-1.000
0.908
0.196
0.000
0.833
0.176
0.363
0.493
0.333
0.443
2.0
20
0.4
2
102
102
2.000
0.261
1.824
100
2.000
0.301
-7.000
0.676
0.137
-5.000
0.500
0.097
0.270
0.344
0.200
0.244
1.5
10
0.32
105
105
3.200
0.505
3.200
105
3.200
0.505
-10.000
-0.700
-0.107
-10.000
-0.700
-0.107
-0.280
-0.269
-0.280
-0.269
1.2
30
0.32
105
105
1.067
0.028
1.067
105
1.067
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51
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
10
2
1
66
66
20.000
1.281
19.100
65
20.000
1.301
-19.000
6.600
0.184
-19.000
7.500
0.184
4.0
30
1.6
1
71
71
5.333
0.707
5.093
70
5.333
0.727
-5.000
14.007
0.574
-4.000
14.667
0.574
0.733
0.448
0.733
0.441
3.5
30
1.6
70
70
5.333
0.727
5.333
70
5.333
0.727
-4.000
13.767
0.554
-4.000
14.667
0.554
0.721
0.432
0.733
0.426
3.0
40
1.6
2
72
72
4.000
0.562
3.648
70
4.000
0.602
-6.000
15.452
0.719
-4.000
16.000
0.679
0.809
0.561
0.800
0.522
2.5
10
1.25
75
75
12.500
1.097
12.500
75
12.500
1.097
-9.000
6.600
0.184
-9.000
7.500
0.184
0.346
0.144
0.375
0.142
2.0
20
1
1
81
81
5.000
0.679
4.775
80
5.000
0.699
-15.000
14.325
0.602
-14.000
15.000
0.582
0.750
0.470
0.750
0.447
1.5
10
1
4
84
84
10.000
0.920
8.318
80
10.000
1.000
-18.000
10.782
0.361
-14.000
10.000
0.281
0.565
0.282
0.500
0.216
1.2
20
1.25
1
76
76
6.250
0.776
5.969
75
6.250
0.796
-10.000
13.131
0.505
-9.000
13.750
0.485
0.688
0.394
0.688
0.373
1.0
10
0.8
85
85
8.000
0.903
8.000
85
8.000
0.903
-19.000
11.100
0.378
-19.000
12.000
0.378
0.581
0.295
0.600
0.290
0.6
10
0.8
85
85
8.000
0.903
8.000
85
8.000
0.903
-19.000
11.100
0.378
-19.000
12.000
0.378
0.581
0.295
0.600
0.290
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
30
0.5
95
95
1.667
0.222
1.667
95
1.667
0.222
0.000
0.000
0.000
0.000
0.000
0.000
20.000
-14.333
-0.982
20.000
-14.333
-0.982
4.0
40
1.6
70
70
4.000
0.602
4.000
70
4.000
0.602
25.000
-2.333
-0.380
25.000
-2.333
-0.380
-1.400
-1.714
-1.400
-1.714
3.5
10
1.6
70
70
16.000
1.204
16.000
70
16.000
1.204
25.000
-14.333
-0.982
25.000
-14.333
-0.982
-8.600
-4.428
-8.600
-4.428
3.0
20
1.6
1
71
71
8.000
0.883
7.640
70
8.000
0.903
24.000
-5.973
-0.661
25.000
-6.333
-0.681
-3.584
-2.981
-3.800
-3.071
2.5
30
1.6
2
72
72
5.333
0.687
4.864
70
5.333
0.727
23.000
-3.197
-0.465
25.000
-3.667
-0.505
-1.918
-2.097
-2.200
-2.277
2.0
30
1.6
2
72
72
5.333
0.687
4.864
70
5.333
0.727
23.000
-3.197
-0.465
25.000
-3.667
-0.505
-1.918
-2.097
-2.200
-2.277
1.5
40
1.6
1
71
71
4.000
0.582
3.820
70
4.000
0.602
24.000
-2.153
-0.360
25.000
-2.333
-0.380
-1.292
-1.624
-1.400
-1.714
1.2
40
1.6
70
70
4.000
0.602
4.000
70
4.000
0.602
25.000
-2.333
-0.380
25.000
-2.333
-0.380
-1.400
-1.714
-1.400
-1.714
1.0
40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
20.000
-1.458
-0.273
20.000
-1.458
-0.273
-0.875
-1.231
-0.875
-1.231
0.6
40
1.25
75
75
3.125
0.495
3.125
75
3.125
0.495
20.000
-1.458
-0.273
20.000
-1.458
-0.273
-0.875
-1.231
-0.875
-1.231
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 Subject:
35
Age:
57
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
20
1.25
1
76
76
6.250
0.776
5.969
75
6.250
0.796
-10.000
-4.918
-0.261
-9.000
-6.250
-0.321
4.0
10
0.8
1
86
86
8.000
0.883
7.640
85
8.000
0.903
-10.000
-1.671
-0.107
-9.000
-1.750
-0.107
-0.280
-0.138
-0.280
-0.135
3.5
30
1.25
1
76
76
4.167
0.600
3.979
75
4.167
0.620
0.000
1.990
0.176
1.000
2.083
0.156
0.333
0.227
0.333
0.196
3.0
10
1.25
3
78
78
12.500
1.037
10.887
75
12.500
1.097
-2.000
-4.918
-0.261
1.000
-6.250
-0.321
-0.824
-0.336
-1.000
-0.403
2.5
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
0.969
0.077
-4.000
1.250
0.077
0.162
0.099
0.200
0.097
2.0
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
0.969
0.077
-4.000
1.250
0.077
0.162
0.099
0.200
0.097
1.5
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
0.969
0.077
-4.000
1.250
0.077
0.162
0.099
0.200
0.097
1.2
20
1.25
75
75
6.250
0.796
6.250
75
6.250
0.796
1.000
-0.281
-0.020
1.000
0.000
-0.020
-0.047
-0.026
0.000
-0.025
1.0
20
1.25
75
75
6.250
0.796
6.250
75
6.250
0.796
1.000
-0.281
-0.020
1.000
0.000
-0.020
-0.047
-0.026
0.000
-0.025
0.6
10
0.8
85
85
8.000
0.903
8.000
85
8.000
0.903
-9.000
-2.031
-0.127
-9.000
-1.750
-0.127
-0.340
-0.164
-0.280
-0.160
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
30
1.25
1
76
76
4.167
0.600
3.979
75
4.167
0.620
0.000
0.000
0.000
1.000
0.000
-0.020
-11.000
-6.021
-0.400
-9.000
-5.833
-0.400
4.0
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
-4.000
-6.021
-0.400
-4.000
-5.833
-0.400
-1.513
-0.667
-1.400
-0.646
3.5
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
-1.021
-0.099
-4.000
-0.833
-0.099
-0.257
-0.165
-0.200
-0.160
3.0
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
-1.021
-0.099
-4.000
-0.833
-0.099
-0.257
-0.165
-0.200
-0.160
2.5
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
-1.021
-0.099
-4.000
-0.833
-0.099
-0.257
-0.165
-0.200
-0.160
2.0
20
0.8
2
87
87
4.000
0.562
3.648
85
4.000
0.602
-11.000
0.331
0.038
-9.000
0.167
-0.002
0.083
0.063
0.040
-0.004
1.5
20
1.25
2
77
77
6.250
0.756
5.700
75
6.250
0.796
-1.000
-1.721
-0.156
1.000
-2.083
-0.196
-0.432
-0.260
-0.500
-0.316
1.2
10
0.8
85
85
8.000
0.903
8.000
85
8.000
0.903
-9.000
-4.021
- 0.303
-9.000
-3.833
-0.303
-1.010
-0.506
-0.920
-0.489
1.0
20
1
80
80
5.000
0.699
5.000
80
5.000
0.699
-4.000
-1.021
-0.099
-4.000
-0.833
-0.099
-0.257
-0.165
-0.200
-0.160
0.6
10
1
1
81
81
10.000
0.980
9.550
80
10.000
1.000
-5.000
-5.571
-0.380
-4.000
-5.833
-0.400
-1.400
-0.634
-1.400
-0.646
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Subject:
36
Age:
52
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
20
0.32
2
107
107
1.600
0.164
1.459
105
1.600
0.204
-8.000
-0.620
-0.154
-8.000
-0.900
-0.234
4.0
30
0.2
115
115
0.667
-0.176
0.667
115
0.667
-0.176
-8.000
0.793
0.340
-8.000
0.933
0.380
0.543
2.073
0.583
1.863
3.5
30
0.2
115
115
0.667
-0.176
0.667
115
0.667
-0.176
-8.000
0.793
0.340
-8.000
0.933
0.340
0.543
2.073
0.583
1.667
3.0
30
0.25
3
113
113
0.833
-0.139
0.726
110
0.833
-0.079
-6.000
0.733
0.303
-3.000
0.767
0.243
0.503
1.848
0.479
1.192
2.5
20
0.2
115
115
1.000
0.000
1.000
115
1.000
0.000
-8.000
0.459
0.164
-8.000
0.600
0.164
0.315
1.000
0.375
0.804
2.0
30
0.2
115
115
0.667
-0.176
0.667
115
0.667
-0.176
-8.000
0.793
0.340
-8.000
0.933
0.340
0.543
2.073
0.583
1.667
1.5
30
0.2
115
115
0.667
-0.176
0.667
115
0.667
-0.176
-8.000
0.793
0.340
-8.000
0.933
0.340
0.543
2.073
0.583
1.667
1.2
20
0.2
115
115
1.000
0.000
1.000
115
1.000
0.000
-8.000
0.459
0.164
-8.000
0.600
0.164
0.315
1.000
0.375
0.804
1.0
10
0.25
4
114
114
2.500
0.318
2.079
110
2.500
0.398
-7.000
-0.620
-0.154
-3.000
-0.900
-0.234
-0.425
-0.937
-0.563
-1.146
0.6
20
0.25
4
114
114
1.250
0.017
1.040
110
1.250
0.097
-7.000
0.420
0.147
-3.000
0.350
0.067
0.287
0.897
0.219
0.329
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
20
0.32
3
108
108
1.600
0.144
1.394
105
1.600
0.204
0.000
0.000
0.000
3.000
0.000
-0.060
-6.000
-0.686
-0.174
-2.000
-0.900
-0.254
4.0
20
0.32
3
108
108
1.600
0.144
1.394
105
1.600
0.204
0.000
0.000
0.000
3.000
0.000
-0.060
0.000
0.000
0.000
-0.294
3.5
20
0.32
4
109
109
1.600
0.124
1.331
105
1.600
0.204
-1.000
0.063
0.020
3.000
0.000
-0.060
0.045
0.139
0.000
-0.294
3.0
30
0.25
1
111
111
0.833
-0.099
0.796
110
0.833
-0.079
-3.000
0.598
0.243
-2.000
0.767
0.223
0.429
1.688
0.479
1.094
2.5
30
0.25
1
111
111
0.833
-0.099
0.796
110
0.833
-0.079
-3.000
0.598
0.243
-2.000
0.767
0.223
0.429
1.688
0.479
1.094
2.0
20
0.25
110
110
1.250
0.097
1.250
110
1.250
0.097
-2.000
0.144
0.047
-2.000
0.350
0.047
0.103
0.328
0.219
0.231
1.5
20
0.25
4
114
114
1.250
0.017
1.040
110
1.250
0.097
-6.000
0.354
0.127
-2.000
0.350
0.047
0.254
0.883
0.219
0.231
1.2
20
0.25
110
110
1.250
0.097
1.250
110
1.250
0 .097
-2.000
0.144
0.047
-2.000
0.350
0.047
0.103
0.328
0.219
0.231
1.0
10
0.25
4
114
114
2.500
0.318
2.079
110
2.500
0.398
-6.000
-0.686
-0.174
-2.000
-0.900
-0.254
-0.492
-1.206
-0.563
-1.243
0.6
20
0.25
4
114
114
1.250
0.017
1.040
110
1.250
0.097
-6.000
0.354
0.127
-2.000
0.350
0.047
0.254
0.883
0.219
0.231
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Subject:
37
Age:
66
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
30
0.8
1
86
86
2.667
0.406
2.547
85
2.667
0.426
-10.000
0.000
0.000
-9.000
0.000
-0.020
4.0
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
1.000
0.547
0.105
1.000
0.667
0.125
0.215
0.258
0.250
0.293
3.5
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
1.000
0.547
0.105
1.000
0.667
0.105
0.215
0.258
0.250
0.246
3.0
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-4.000
0.972
0.209
-4.000
1.092
0.209
0.382
0.514
0.409
0.490
2.5
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-4.000
0.972
0.209
-4.000
1.092
0.209
0.382
0.514
0.409
0.490
2.0
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-4.000
0.972
0.209
-4.000
1.092
0.209
0.382
0.514
0.409
0.490
1.5
40
0.63
1
91
91
1.575
0.177
1.504
90
1.575
0.197
-5.000
1.043
0.229
-4.000
1.092
0.209
0.409
0.563
0.409
0.490
1.2
20
0.5
1
96
96
2.500
0.378
2.387
95
2.500
0.398
-10.000
0.159
0.028
-9.000
0.167
0.008
0.062
0.069
0.062
0.019
1.0
30
0.8
1
86
86
2.667
0.406
2.547
85
2.667
0.426
0.000
0.000
0.000
1.000
0.000
-0.020
0.000
0.000
0.000
-0.047
0.6
30
0.63
90
90
2.100
0.322
2.100
90
2.100
0.322
-4.000
0.447
0.084
-4.000
0.567
0.084
0.175
0.206
0.213
0.197
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
0.000
0.000
0.000
1.000
0.000
-0.020
-6.000
-3.008
-0.301
-4.000
-3.150
-0.321
4.0
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
0.000
0.000
0.000
1.000
0.000
-0.020
0.000
0.000
0.000
-0.040
3.5
40
0.63
1
91
91
1.575
0.177
1.504
90
1.575
0.197
0.000
1.504
0.301
1.000
1.575
0.281
0.500
0.629
0.500
0.564
3.0
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
0.000
0.000
0.000
1.000
0.000
-0.020
0.000
0.000
0.000
-0.040
2.5
30
0.5
2
97
97
1.667
0.182
1.520
95
1.667
0.222
-6.000
1.488
0.296
-4.000
1.483
0.256
0.495
0.620
0.471
0.515
2.0
30
0.8
4
89
89
2.667
0.346
2.218
85
2.667
0.426
2.000
0.790
0.132
6.000
0.483
0.052
0.263
0.277
0.153
0.105
1.5
30
0.5
95
95
1.667
0.222
1.667
95
1.667
0.222
-4.000
1.342
0.256
-4.000
1.483
0.256
0.446
0.536
0.471
0.515
1.2
30
0.63
4
94
94
2.100
0.242
1.747
90
2 .100
0.322
-3.000
1.262
0.236
1.000
1.050
0.156
0.419
0.494
0.333
0.313
1.0
10
0.63
1
91
91
6.300
0.779
6.016
90
6.300
0.799
0.000
-3.008
-0.301
1.000
-3.150
-0.321
-1.000
-0.629
-1.000
-0.644
0.6
30
0.63
1
91
91
2.100
0.302
2.005
90
2.100
0.322
0.000
1.003
0.176
1.000
1.050
0.156
0.333
0.368
0.333
0.313
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Subject:
38
Age:
72
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
-12.000
-2.090
-0.221
-10.000
-3.150
-0.301
4.0
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
-1.000
0.142
0.020
0.000
0.000
0.000
0.045
0.040
0.000
0.000
3.5
20
0.8
1
86
86
4.000
0.582
3.820
85
4.000
0.602
4.000
-0.670
-0.084
5.000
-0.850
-0.104
-0.213
-0.168
-0.270
-0.208
3.0
20
0.63
2
92
92
3.150
0.458
2.873
90
3.150
0.498
-2.000
0.277
0.040
0.000
0.000
0.000
0.088
0.080
0.000
0.000
2.5
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2.0
10
0.63
4
94
94
6.300
0.719
5.240
90
6.300
0.799
-4.000
-2.090
-0.221
0.000
-3.150
-0.301
-0.664
-0.444
-1.000
-0.604
1.5
20
0.5
1
96
96
2.500
0.378
2.387
95
2.500
0.398
-6.000
0.763
0.120
-5.000
0.650
0.100
0.242
0.242
0.206
0.201
1.2
10
0.4
100
100
4.000
0.602
4.000
100
4.000
0.602
-10.000
-0.850
-0.104
-10.000
-0.850
-0.104
-0.270
-0.208
-0.270
-0.208
1.0
10
0.4
2
102
102
4.000
0.562
3.648
100
4.000
0.602
-12.000
-0.498
-0.064
-10.000
-0.850
-0.104
-0.158
-0.128
-0.270
-0.208
0.6
10
0.5
95
95
5.000
0.699
5.000
95
5.000
0.699
-5.000
-1.850
-0.201
-5.000
-1.850
-0.201
-0.587
-0.403
-0.587
-0.403
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
20
0.5
2
97
97
2.500
0.358
2.280
95
2.500
0.398
0.000
0.000
0.000
2.000
0.000
-0.040
-3.000
-2.720
-0.341
-3.000
-2.500
-0.341
4.0
20
0.63
1
91
91
3.150
0.478
3.008
90
3.150
0.498
6.000
-0.728
-0.120
7.000
-0.650
-0.140
-0.319
-0.336
-0.260
-0.353
3.5
20
0.8
3
88
88
4.000
0.542
3.484
85
4.000
0.602
9.000
-1.204
-0.184
12.000
-1.500
-0.244
-0.528
-0.514
-0.600
-0.613
3.0
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
7.000
-0.870
-0.140
7.000
-0.650
-0.140
-0.382
-0.392
-0.260
-0.353
2.5
20
0.63
2
92
92
3.150
0.458
2.873
90
3.150
0.498
5.000
-0.593
-0.100
7.000
-0.650
-0.140
-0.260
-0.280
-0.260
-0.353
2.0
10
0.5
95
95
5.000
0.699
5.000
95
5.000
0.699
2.000
-2.720
-0.341
2.000
-2.500
-0.341
-1.193
-0.953
-1.000
-0.857
1.5
20
0.5
2
97
97
2.500
0.358
2.280
95
2.500
0.398
0.000
0.000
0.000
2.000
0.000
-0.040
0.000
0.000
0.000
-0.101
1.2
10
0.4
2
100
100
4.000
0.562
3.648
1 00
4.000
0.602
-3.000
-1.368
-0.204
-3.000
-1.500
-0.244
-0.600
-0.570
-0.600
-0.613
1.0
10
0.5
1
96
96
5.000
0.679
4.775
95
5.000
0.699
1.000
-2.495
-0.321
2.000
-2.500
-0.341
-1.094
-0.897
-1.000
-0.857
0.6
10
0.5
2
97
97
5.000
0.659
4.560
95
5.000
0.699
0.000
-2.280
-0.301
2.000
-2.500
-0.341
-1.000
-0.841
-1.000
-0.857
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Subject:
39
Age:
74
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
30
1.6
2
72
72
5.333
0.687
4.864
70
5.333
0.727
-19.000
-5.136
-0.313
-18.000
-4.667
-0.313
4.0
40
1.25
1
76
76
3.125
0.475
2.984
75
3.125
0.495
-4.000
1.880
0.212
-3.000
2.208
0.232
0.386
0.309
0.414
0.319
3.5
40
1.25
1
76
76
3.125
0.475
2.984
75
3.125
0.495
-4.000
1.880
0.212
-3.000
2.208
0.192
0.386
0.309
0.414
0.264
3.0
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
-8.000
-5.136
-0.313
-8.000
-4.667
-0.313
-1.056
-0.456
-0.875
-0.431
2.5
20
0.8
1
86
86
4.000
0.582
3.820
85
4.000
0.602
-14.000
1.044
0.105
-13.000
1.333
0.085
0.215
0.153
0.250
0.117
2.0
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
-14.000
2.954
0.406
-13.000
3.333
0.386
0.607
0.591
0.625
0.531
1.5
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
-14.000
2.954
0.406
-13.000
3.333
0.386
0.607
0.591
0.625
0.531
1.2
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-18.000
3.289
0.490
-18.000
3.758
0.490
0.676
0.713
0.705
0.674
1.0
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
-14.000
2.954
0.406
-13.000
3.333
0.386
0.607
0.591
0.625
0.531
0.6
40
0.63
1
91
91
1.575
0.177
1.504
90
1.575
0.197
-19.000
3.360
0.510
-18.000
3.758
0.490
0.691
0.742
0.705
0.674
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
-11.000
0.000
0.000
-10.000
0.000
0.000
4.0
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
3.5
20
1.25
75
75
6.250
0.796
6.250
75
6.250
0.796
5.000
3.750
0.204
5.000
3.750
0.204
0.375
0.204
0.375
0.204
3.0
40
1.25
1
76
76
3.125
0.475
2.984
75
3.125
0.495
4.000
7.016
0.525
5.000
6.875
0.505
0.702
0.525
0.688
0.505
2.5
10
1
80
80
10.000
1.000
10.000
80
10.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2.0
20
1
1
81
81
5.000
0.679
4.775
80
5.000
0.699
-1.000
5.225
0.321
0.000
5.000
0.301
0.523
0.321
0.500
0.301
1.5
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
-5.000
8.000
0.699
-5.000
8.000
0.699
0.800
0.699
0.800
0.699
1.2
40
0.8
1
86
86
2.000
0.281
1.910
85
2 .000
0.301
-6.000
8.090
0.719
-5.000
8.000
0.699
0.809
0.719
0.800
0.699
1.0
10
0.8
2
87
87
8.000
0.863
7.296
85
8.000
0.903
-7.000
2.704
0.137
-5.000
2.000
0.097
0.270
0.137
0.200
0.097
0.6
10
0.63
1
91
91
6.300
0.779
6.016
90
6.300
0.799
-11.000
3.984
0.221
-10.000
3.700
0.201
0.398
0.221
0.370
0.201
130  
Subject:
40
Age:
56
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
RD
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
40
1
-2
78
78
2.500
0.438
2.741
75
2.500
0.398
-12.000
-3.559
-0.361
-12.000
-3.800
-0.361
4.0
40
1
80
80
2.500
0.398
2.500
80
2.500
0.398
-2.000
0.241
0.040
-2.000
0.000
0.000
0.088
0.091
0.000
0.000
3.5
40
1
1
81
81
2.500
0.378
2.387
80
2.500
0.398
-3.000
0.354
0.060
-2.000
0.000
0.040
0.129
0.137
0.000
0.101
3.0
40
1
2
82
82
2.500
0.358
2.280
80
2.500
0.398
-4.000
0.461
0.080
-2.000
0.000
0.040
0.168
0.183
0.000
0.101
2.5
40
1
2
82
82
2.500
0.358
2.280
80
2.500
0.398
-4.000
0.461
0.080
-2.000
0.000
0.040
0.168
0.183
0.000
0.101
2.0
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
-7.000
0.741
0.137
-7.000
0.500
0.137
0.270
0.313
0.200
0.344
1.5
40
0.6
90
90
1.500
0.176
1.500
90
1.500
0.176
-12.000
1.241
0.262
-12.000
1.000
0.262
0.453
0.598
0.400
0.658
1.2
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
-7.000
0.741
0.137
-7.000
0.500
0.137
0.270
0.313
0.200
0.344
1.0
10
0.63
90
90
6.300
0.799
6.300
90
6.300
0.799
-12.000
-3.559
-0.361
-12.000
-3.800
-0.361
-1.298
-0.825
-1.520
-0.908
0.6
20
0.8
85
85
4.000
0.602
4.000
85
4.000
0.602
-7.000
-1.259
-0.164
-7.000
-1.500
-0.164
-0.459
-0.375
-0.600
-0.412
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
30
1.25
75
75
4.167
0.620
4.167
75
4.167
0.620
0.000
0.000
0.000
0.000
0.000
0.000
-10.000
0.701
0.080
-10.000
0.000
0.000
4.0
30
1
80
80
3.333
0.523
3.333
80
3.333
0.523
-5.000
0.833
0.097
-5.000
0.833
0.097
0.200
0.156
0.200
0.156
3.5
40
1.25
2
77
77
3.125
0.455
2.850
75
3.125
0.495
-2.000
1.317
0.165
0.000
1.042
0.125
0.316
0.266
0.250
0.202
3.0
30
1.25
4
79
79
4.167
0.540
3.466
75
4.167
0.620
-4.000
0.701
0.080
0.000
0.000
0.000
0.168
0.129
0.000
0.000
2.5
30
1
1
81
81
3.333
0.503
3.183
80
3.333
0.523
-6.000
0.983
0.117
-5.000
0.833
0.097
0.236
0.189
0.200
0.156
2.0
30
1
1
81
81
3.333
0.503
3.183
80
3.333
0.523
-6.000
0.983
0.117
-5.000
0.833
0.097
0.236
0.189
0.200
0.156
1.5
30
0.8
85
85
2.667
0.426
2.667
85
2.667
0.426
-10.000
1.500
0.194
-10.000
1.500
0.194
0.360
0.313
0.360
0.313
1.2
30
0.8
85
85
2.667
0.426
2.667
85
2.667
0.426
-10.000
1 .500
0.194
-10.000
1.500
0.194
0.360
0.313
0.360
0.313
1.0
30
1
80
80
3.333
0.523
3.333
80
3.333
0.523
-5.000
0.833
0.097
-5.000
0.833
0.097
0.200
0.156
0.200
0.156
0.6
40
1
1
81
81
2.500
0.378
2.387
80
2.500
0.398
-6.000
1.779
0.242
-5.000
1.667
0.222
0.427
0.390
0.400
0.358
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Subject:
41
Age:
61
G
ender:
M
Autorefractor
O
D
O
S
2.25
Photopic
R
aw
 D
ata
Processed D
ata
D
ifference D
ata
Percentages and B
est D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Letters
D
iff M
A
R D
iff LogM
A
R
Letters
D
iff M
A
RD
iff logM
A
R
Unaided
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
-1.000
-1.465
-0.286
0.000
-1.758
-0.326
4.0
40
0.8
3
88
88
2.000
0.241
1.742
85
2.000
0.301
2.000
-0.167
-0.044
5.000
-0.425
-0.104
-0.106
-0.222
-0.270
-0.526
3.5
40
0.8
85
85
2.000
0.301
2.000
85
2.000
0.301
5.000
-0.425
-0.104
5.000
-0.425
-0.104
-0.270
-0.526
-0.270
-0.526
3.0
40
0.8
1
86
86
2.000
0.281
1.910
85
2.000
0.301
4.000
-0.335
-0.084
5.000
-0.425
-0.104
-0.213
-0.425
-0.270
-0.526
2.5
40
0.8
2
87
87
2.000
0.261
1.824
85
2.000
0.301
3.000
-0.249
-0.064
5.000
-0.425
-0.104
-0.158
-0.323
-0.270
-0.526
2.0
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.5
40
0.63
90
90
1.575
0.197
1.575
90
1.575
0.197
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.2
40
0.63
1
91
91
1.575
0.177
1.504
90
1.575
0.197
-1.000
0.071
0.020
0.000
0.000
0.000
0.045
0.101
0.000
0.000
1.0
30
1
2
82
82
3.333
0.483
3.040
80
3.333
0.523
8.000
-1.465
-0.286
10.000
-1.758
-0.326
-0.930
-1.448
-1.116
-1.650
0.6
30
0.63
1
91
91
2.100
0.302
2.005
90
2.100
0.322
-1.000
-0.430
-0.105
0.000
-0.525
-0.125
-0.273
-0.532
-0.333
-0.633
Scotopic
Processed D
ata
D
ifference D
ata
D
ifference D
ata
A
djusted
Conservative
A
djusted
Conservative
D
iam
eter (m
m
)
D
istance (cm
)
M
-V
alue
M
-A
dd
No. Letters
Letters
pre-M
A
R
corrected logM
ar
corrected M
A
R
Letters
M
A
R
logM
ar
Letters
D
iff M
A
R
D
iff LogM
A
R
Letters
D
iff M
A
R
D
iff logM
A
R
Unaided
20
0.63
90
90
3.150
0.498
3.150
90
3.150
0.498
0.000
0.000
0.000
0.000
0.000
0.000
-6.000
-1.625
-0.181
-5.000
-1.850
-0.201
4.0
40
0.63
1
91
91
1.575
0.177
1.504
90
1.575
0.197
-1.000
1.646
0.321
0.000
1.575
0.301
0.523
0.644
0.500
0.604
3.5
30
0.63
2
92
92
2.100
0.282
1.915
90
2.100
0.322
-2.000
1.235
0.216
0.000
1.050
0.176
0.392
0.434
0.333
0.353
3.0
40
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Appendix 5 
Pinhole Conspiracy 
The American Federal Drug Administration (FDA) has been raiding the smaller 
private companies for, as they say, dealing in illegal businesses, without justified cause.  
Donald Rehm, the author of the article below, suggests that the bigger companies with big 
money and influence, with the help of the FDA, are plotting actions against the smaller 
companies by, and with some success, closing them down and by doing so protecting their 
own industries and interests.  The FDA has tried to close his company, International Myopia 
Prevention Association (IMPA), down in the past without success.  Rehm feels that there is a 
conspiracy going on with the FDA and big business and expresses his opinions below.  
(Reproduced from www.myopia.org/conspiracy.htm with permission from Donald Rehm.) 
PINHOLE CONSPIRACY ???  
In 1992, the Missouri Attorney General obtained a consent injunction and penalties 
totaling $20,000 against a New York company that sold ‘aerobic glasses.’  These glasses, 
which sold for $NZ29.95 (New Zealand approx. $US19.95) plus postage and handling, had 
black plastic lenses with tiny holes. The company's ads had claimed that its Aerobic Training 
Eyeglass System exercises and relaxes the eye muscles through use of scientifically designed 
and spaced 'pin dot' openings that change the way light enters the eye." The company had 
also advertised that continued wear and exercises should enable eyeglass wearers to change 
to weaker prescription lenses and reduce the need for bifocals or trifocals.  
Opticians and ophthalmologists pressured the FDA into conducting an armed raid of 
Natural Vision International in Manitowoc, WI for selling Vision Improving Eyeglasses 
(aerobic pinhole glasses). The FDA, along with two federal marshals, seized 17,000 pairs of 
pinhole glasses. The charge was that the product was a misbranded medical device and that 
NVI had failed to file a premarket application with FDA. It was also charged that some of the 
claims may not have adequate substantiation (italics added). NVI stated that a pinhole is not a 
lens. The outcome was that, although NVI submitted hundreds of testimonials from satisfied 
customers, the FDA drove them out of business by confiscating WITHOUT A COURT 
ORDER their stock of books and pinhole glasses with a retail value of over $200,000. The 
glasses were taken out to the local dump and buried. The parent company, Hammacher, 
Schlemmer & Company of Chicago, IL, had previously been forced to issue a recall (#Z-655-
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2) by letter of November 26, 1991. Of 9,550 pairs distributed, 7,700 remained on the market 
after the recall. For some reason, the armed raid mentioned above was carried out later, on May 20, 
1992. … 
In the past, people who attempted to sell pinholes have left themselves open to this 
kind of attack by claiming that pinholes can permanently eliminate all kinds of visual 
problems. Such claims could not be substantiated. In one case, 14 state attorneys got together 
to close down one such operation that was advertising that pinholes could improve vision. 
How often do you hear of that many state attorneys getting together to do anything? The 
recent case where a lawsuit was brought against the tobacco companies is one of the few 
instances. That might be understandable since tobacco is an extremely harmful product that 
was costing the states hundreds of millions of dollars in health care costs. But pinhole glasses 
are a perfectly harmless device, even if exaggerated claims were being made. Exaggerated 
claims seem to be the rule in the marketing world. What would create such a massive 
coordinated attack against a small company selling such a harmless product? Do you smell 
the presence of the eye doctors and optical companies in the background as we do? Proof is 
difficult to find, but what other explanation is there? We are certain that if there was a way to 
make squinting illegal, they would try to do it. Isn't it strange that pinholes are not offered for 
sale in retail stores, where they could be made available without making any claims at all for 
them, just like off-the-rack reading glasses? The reason is that any attempt to mass distribute 
them has been deliberately and massively squashed. 
Does your local drug store get raided by armed federal agents for selling products that 
claim to grow hair on bald heads or for selling toothpaste that claims to prevent decayed 
teeth? Of course, it doesn't. On the other hand, the federal government spends millions of our 
dollars to force upon the American public the unbelievable fraud of compulsory fluoridation, 
SOLELY to benefit industrial interests.  
Fortunately, the dictatorial powers of the FDA were considerably diminished by a 
recent landmark court decision. In the past, the FDA has made it a criminal act to place any 
information on the label of a dietary supplement that would claim any health benefits for the 
product, even when such claims could be backed up by research. Some supplement 
manufacturers took the FDA to court over this and ended the FDA's 20-year-old suppression 
of dietary supplements. Judge Laurence Silberman of The Washington, D.C. Court of 
Appeals wrote:  
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As best we understand the government, its first argument runs along the following 
lines: that health claims lacking "significant scientific agreement" (which is no more than 
FDA opinion) are inherently misleading because they have such an awesome impact on 
consumers as to make it virtually impossible for them to exercise any judgment at the point of 
sale. It would be as if the consumers were asked to buy something while hypnotized, and 
therefore they are bound to be misled. We think this contention is almost frivolous. We reject 
it.  
The First Amendment directs us to be especially skeptical of regulations that seek to 
keep people in the dark for what the government perceives to be their own good. The FDA's 
obvious motive was to protect pharmaceutical interests. If the truth about the power of certain 
nutrients were allowed, millions would give these items a try, and millions would find relief. 
Consequently, they would neither need nor desire expensive and far more dangerous 
prescription drugs. In fact, this is precisely the concern the FDA addressed in its Dietary 
Supplement Task Force Report, when it stated that "the agency should insure that the 
existence of dietary supplements on the market does not act as a disincentive for drug 
development." 
Similarly, the FDA's obvious motive in conducting armed raids against those who sell 
pinhole glasses is to protect optical interests. This ruling can and will be used against the 
FDA's bullies if they are foolish enough to initiate further attacks against pinhole glasses.  
We want to make it clear that any effort by anyone to prevent the legitimate use of 
these harmless devices will be met with the strongest possible resistance, both in the 
courtroom and in the public forum. Any such attempt will be widely reported on the Internet. 
We have already had to fight off an attempt to silence our website. See Legal Threats From 
Eye Doctors (Appendix 6). No one is going to succeed in suppressing these useful devices 
any longer. This is an old idea whose time has finally come. Pinhole glasses have been 
around far longer than prescription eyeglasses and centuries before the FDA started to 
regulate medical devices. They are, in fact, not medical devices.  
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Appendix 6 
Legal Threats from Eye Doctors 
Legal threats from eye doctors prompted Rehm to also publish the material below on 
the website.  Craig Steinberg, an optometrist and lawyer representing the Optometric 
Advocates Legal Group in the United States of America (USA) wrote a threatening letter to 
Rehm claiming that he must provide sufficient evidence that the Myopter (an instrument he 
supplies) is safe and effective or immediately withdraw unsupportable claims and accusations 
about the instrument before a suit is filed to force its removal and recover damages and/or 
restitution as permitted by law.  An extract of the threats and Rehm’s reply is presented 
below.  (Reproduced from www.myopia.org/legalthreats.htm with permission from Donald 
Rehm.) 
LEGAL THREATS FROM EYE DOCTORS 
Date: March 30, 1999 
Topic: Legal threats from Craig Steinberg 
Optometrist and Lawyer for Optometric Advocates Legal Group 
4454 Van Nuys Blvd. 
Sherman Oaks, CA 91403 
Email: craig@visioncare.com  
Craig's email of March 11, 1999:  
From: Craig Steinberg 
To: IMPA 
Cc:optcomlist@optcom4.com 
Subject: Your Myopia Myth website  
Dear Sir: Please be advised that the information you are disseminating through this 
web site, for the purposes of selling a product and/or service, are in violation of the California 
business and Professions Code sections 17500 and 17508, and the provisions of the Federal 
Trade Commission's section on false and misleading advertising and, more specifically, their 
ban on unsupported representations to the public. Notwithstanding your assertion that the 
Internet provides for the "true freedom of speech, “ such “freedom” is still limited to being 
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truthful, accurate, and not misleading.  Advertising that is not is NOT protected by the 1st 
Amendment. Both the State of California and the FTC have made it a crime, in California 
punishable by up to 1 year in jail, and a civil cause of action for promulgating the type of 
information you have published. In particular, but not inclusively, the following statements 
and/or inferences are not supported by generally accepted medical principles: "This child's 
vision is being destroyed by her eye doctor." "Constant focusing on close objects causes a 
pressure increase in the eye, resulting in an abnormal elongation of the eye." "Unfortunately, 
the eye is capable of continuing this lengthening process until it literally tears itself apart!" 
The entire last paragraph on the page myopia2.htm. "If distance or "minus power" glasses 
were being invented today, they would not be permitted on the market except in rare cases 
because their safety has never been proven." In reference to cataracts, macular degeneration, 
and glaucoma, "However, these eye diseases, like most diseases, are caused by poor health 
habits such as eating the wrong foods." In reference to a patient's doctor, "The information 
you get is more likely to be erroneous than correct. Your doctor's main interest is maximum 
income, not your health." This message is being sent to you to give you an opportunity now 
to either present substantiation of these claims and all the others you make, including credible 
evidence that your "Myopter" is both safe and effective, or to immediately withdraw the 
insupportable claims and accusations and the sale of the Myopter, before suit is filed to force 
its removal and recover damages and/or restitution as permitted by law.  
Reply from Donald Rehm:  
It is interesting that optometrists even have a legal group to defend what they do. 
Since you have sent a copy to the Optcom mailing list, I conclude that you have been asked 
to send me this email full of threats and attempted intimidation by one or more members of 
the Southern Council of Optometrists which maintains this private mailing list at 
www.optcom.com. I even received a copy of an email to you from optometrist Cliff 
Courtenay of Valdosta, GA with the words, "Thanks Craig, again!" Is he the instigator of this 
attack? Ironically, I tried to join that list recently to establish a line of communication but 
when they found out who I was, their initial welcome was quickly withdrawn. Why didn't 
you just ask me to provide more information about my claims? Wouldn't that have been the 
professional way?   
… 
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Let's look at the accusations in your letter. You state that it is erroneous to say that 
"constant focusing on close objects causes a pressure increase in the eye, resulting in an 
abnormal elongation of the eye." Are you really unaware of the vitreous transducer studies 
that were done by Francis Young, PhD, while Director of the Primate Research Centre at 
Washington State University? You can refer to my revised website where I have posted a 
reference to this research. Briefly, he surgically inserted a transmitter into the vitreous of 
monkeys and measured up to a 50% increase in vitreous pressure during accommodation. 
How can you be ignorant of such pioneering and significant research? I devote a full page of 
my book to this one study.  
You attack my claim that "the eye can continue this lengthening until it literally tears 
itself apart." Have you never heard of the retinal detachment that strikes high myopes 
frequently? Have you never heard the term "retinal TEAR"? I have added some clarification 
on my website about this also, but once again, I am absolutely astonished at your ignorance.  
You also attack my claim that "the safety of minus glasses has never been proven." I 
am sure that many people besides myself would like you to cite the references to the research 
that proves that minus lenses do not accelerate the movement into myopia when used for 
close work and that they are therefore not harmful. I have certainly not heard of such 
research.  
… 
I suggest you visit www.eyesite.ca, the website of the Canadian Ophthalmological 
Society, where you will find the claim that reading in dim light does not affect the 
progression of myopia. Why don't you fire off a letter threatening them with a lawsuit if they 
do not remove this unfounded statement or provide proof that it is true? Or does it fall under 
your heading of "accepted medical principles"? Do you see what an obvious attempt you are 
making to silence only those things you don't want the public to hear?  
With regard to the Myopter, this device was put on the market before the FDA started 
regulating devices. It therefore enjoys the same grandfather status as eyeglasses. I have 
corresponded with the FDA in the past and they have assured me that its marketing is 
perfectly legal. You express concern that the device may not be "effective." How refreshing it 
would have been if you had said, "This device sounds promising. How can I help arrange 
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further testing?" But that isn't what this is about, is it? I suspect that your real concern (and 
the concern of those you are fronting for) is that it IS effective. I suspect you see it as a long-
term threat to business profits and want it off the market.  
…  
[Rehm goes on to say]: 
Sadly, our optometric faculties are under pressure from several directions not to do 
anything that will threaten the status quo. I wouldn't be surprised if they feel their jobs 
depend on not straying too far from the dictated path. Some of these pressures are:  
1) The optical companies contribute huge sums of money to pay for research, full-page ads in 
optometric journals, booths and other amenities at optometric conventions, etc. They conduct 
a subtle, well-thought-out subversion of academic freedom. Just go to the above-mentioned 
www.optcom.com, click on "sponsors" and see the optical companies that give financial 
support to this site. Click on the SECO link (Southern Educational Congress of Optometry) 
and see the long list of companies that are helping to pay for the "education" of these 
optometrists. Go to www.opted.org, the website of ASCO, the Association of Schools and 
Colleges of Optometry. Click on "Corporate Members" and look at the list of optical 
companies that are providing financial support. No one wants to antagonize any of these 
companies. This is what is called a "compromising situation."  
2) Optometric schools must conform to the dictates of the universities to which they may 
belong, universities which are themselves ruled to a great extent by big business. Many 
university presidents spend a considerable amount of their time raising money in any way 
they can think of. They can't afford to alienate any potential donors from the business world. 
But who should have the responsibility of safeguarding the visual health of our children -- 
dedicated professionals who are taught the truth and how to apply it in an ethical fashion or 
those whose only concern is profits?  
3) Peer pressure comes from practicing optometrists who do not want anything taught that 
conflicts with their own view of the world and the sale of their products and services. They 
don't want their customers asking questions. They won't tolerate anyone claiming they are 
doing anything wrong.  
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In this respect, I note with interest your website at www.visioncare.com. You sell 
optical products not just at your own place of business but to anyone you can attract to your 
website. Imagine for a moment if MD's opened drug stores in their offices and sold to the 
public at a big markup the very drugs they had prescribed a few minutes before, increasing 
their income by so doing. I doubt that this would be legal, but even if it is, isn't it highly 
unethical and a glaring conflict of interest? Wouldn't it promote overprescription and neglect 
of instruction in disease prevention? Aren't you and many others doing exactly the same 
thing? A doctor's office should be a place of learning - a place to learn about your problem, 
what causes it, and how to prevent it or remove the cause. It should not be a merchandise 
mart.  
I sympathize with those on the optometric faculties who are unhappy with the present 
state of affairs but have been powerless to change it. However, now that the truth is getting 
out to the public, I believe the attitude of these faculties should be, "Change is inevitable. If 
we do not change on our own initiative and educate these students in basic Myopia 
Prevention and their duty to the public, changes will be forced on us from outside in ways we 
will come to regret. Therefore, past restrictions on academic freedom will no longer be 
tolerated."  
I have occasionally used the term "evil people" in some of my writings. I do not mean 
this in the religious sense. I use it to describe the people who don't care how much they hurt 
others as long as they benefit personally. Recently, the nation's tobacco company presidents 
were testifying before Congress, stating that tobacco was not addictive and that more research 
would be needed before we could state that tobacco caused any health problems. I remember 
thinking that these guys were neat and clean-shaven and dressed in gray business suits, but I 
was looking into the faces of evil. These people are no better than the lowest drug pusher 
hanging around a schoolyard. I see this kind of evil in nearly every field of human endeavour, 
including the eye care business. You are supporting this kind of behaviour, whether you 
realize it or not. Most people are more concerned about a pimple on their nose than about a 
famine in Africa that kills a million people. Such is human nature.  
Your letter makes clear for the optometric students, in a manner I couldn't do with my 
words alone, what a crude, vicious, corrupt, money-hungry, cutthroat and incompetent 
business they have chosen as their life's work, to be carried out under the guise of 
professionalism. The optometric students will learn more about what they face in the real 
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world by reading this exchange of messages than from a year of classes. To prevent 
themselves from becoming a part of this disaster, they will have to examine their consciences 
and rededicate themselves daily to the often-ignored admonition, "First, do no harm." The 
optometrists out in the business world have joined with the optical companies to 
symbiotically feed at the trough of public ignorance and misery, just like the MD's and the 
drug companies do.  
The optometric students of today should be working now on the image they will 
present to the public and the website they will use to help do this when they graduate. A rare 
example of a website created by a prevention-minded MD can be found at 
www.drmcdougall.com. I look forward eagerly to the day when I can provide a link on my 
website to such a prevention-oriented website created by a practicing optometrist. That will 
be an event to celebrate. Who will be the person who will claim that place in the history 
books? I will personally award this plaque in honour of the event: "The International Myopia 
Prevention Assn. Humanitarian Award, presented to xxxx, the first eye care professional in 
the world to fully integrate the concept of Myopia Prevention into his/her practice." Plaques 
with somewhat different wording will also be awarded to those who follow this pioneer.  
If my optimism is misplaced, and I get no further positive feedback from students and 
faculty that changes are being made, I will have no choice but to give up on optometry, as I 
have given up on ophthalmology. I will then direct my full attention to further educating the 
public and assisting in the malpractice suits that will be unavoidable. These suits will not be 
brought by me; they will be brought by the victims. Let's imagine for a moment, Craig, using 
you as a convenient example, just how this would be done. The attorneys would place full 
page ads in your local newspapers, stating that a class action malpractice suit is being 
prepared against optometrist Craig Steinberg for willfully destroying the vision of children 
for the sake of profits. Anyone with a child who has obtained an eyeglass prescription from 
you is invited to come forward to determine if they qualify to participate. Of course, the more 
plaintiffs, the more money for the lawyers if they win. Imagine how this will look to your 
customers, family and friends. Even if you win, you lose your reputation. Even if the 
plaintiffs lose, I win, because I have that much more ammunition to use in my public 
education efforts. This is not a pretty thought. It is distasteful to me also, but it may be 
inevitable. And if the doctor's defence is going to be, "I never learned these things in school," 
then the schools can be made co-defendants.  
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I suggest that you tell the reactionary individuals who have gotten you to do their 
dirty work to speak for themselves in the future so we know where to direct our fire and 
whose names to post on the Internet.  
I have a suggestion: All of us who have websites on vision care will link to each 
other. I will say, "Follow these links to see what the eye care establishment has to say about 
myopia." You will say, "Here is another viewpoint you should know about." That way the 
public will have access to the full range of ideas. Aren't they entitled to this before they 
decide on the treatment they prefer? I am quite willing to do this. How about you?  
Craig, let me end this by saying I am trying very hard not to say anything libellous 
here. In fact, I have cleared this whole thing with several attorneys. On their suggestion I 
hereby advise you that your email is reproduced here under the fair use doctrine and 
everything in my reply is my own opinion. But you have made some serious accusations 
against me. You have accused me of both state and federal criminal behaviour. You have 
threatened me with prison. You have made these accusations in an email which is hardly a 
private means of communication. I have every right to defend myself, and I can only do so by 
pointing out where you are wrong. My response has been quite moderate compared to what it 
might have been. My reason for making this dispute public is to deter others who may be 
thinking of attacking me also. At least, they need to get their facts straight. If they don't, they 
will be giving me reasons to initiate legal action against them. You can't go around making 
wild accusations and threats like this just because you have a law degree. It wouldn't surprise 
me if you get a few emails from people who read this and want you to know what they think 
about your attempt to control what they read. It may well be that you are a decent person who 
has been misled by others. I will give you the benefit of the doubt and assume so until you 
prove otherwise.  
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Apppendix 7 
The FDA and Pinhole Glasses – 2012 
The American FDA has tried to close IMPA down in the past without success.  In 
2012 they blocked a shipment of 4200 pinhole spectacles from China, claiming that the 
pinhole spectacles were not in compliance with FDA standards.  Once again Rehm expresses 
his views below.  (Reproduced from http://www.pinholeglasses.org/fdaaction2012.htm: with 
permission from Donald Rehm.)  
THE FDA AND PINHOLE GLASSES - 2012  
In 1999, the nonprofit organization, CENSORED BY THE FDA, decided to challenge 
the FDA's attack on pinhole glasses because with the Internet growing rapidly, pinholes could 
be bought from many sources overseas. The optical industry could not keep them from public 
knowledge any longer. Thus, pinholeglasses.org was created. For the next 12 years, four 
different male FDA Commissioners stood up to pressure from the optical industry and did not 
interfere with the sale of these harmless devices. These were Henney in 1999, McClellan in 
2002, Crawford in 2005, and von Eschenbach in 2006. Then Obama appointed Margaret 
Hamburg to head the FDA in 2009 and a new attack on pinhole glasses was launched in 
2012.  
It is impossible to determine exactly who is responsible for this attack, but it could 
well have been initiated by someone several levels down from the top in the FDA who 
wanted to show off his importance and justify his salary. And the optical industry could have 
lured him with the promise of a high-paying job when he leaves the FDA. This kind of 
bribery is routine in our government. But this would not have happened if it were not for the 
overall anti-consumer policies of the FDA.  
In March of 2012, our order of 4800 pinhole glasses from China was blocked by the 
FDA at the UPS hub in Louisville, KY. We were informed by the FDA Compliance Officer 
in Cincinnati that an FDA "Alert" had been issued. We found out that the alert was several 
years old and had been issued against a South African company that was mailing pinholes to 
its US customers and making claims about pinhole use that the FDA didn't like. The company 
was no longer in business and the alert didn't pertain to any other company anyway. When 
this was pointed out to the Officer, he found other stupid reasons to ban the import. We 
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ordered an emergency shipment of 2400 pinholes which were then stopped at the Fedex hub 
in Anchorage, Alaska. Equally stupid reasons were given. The pinholes would not be 
admitted until they were "in compliance" with FDA regulations. But, they gave no indication 
of how that could be done.  
It was obvious at this point that word had gone out from top FDA officials to Port of 
Entry customs agents to be on the lookout for boxes of eyeglasses destined for the nonprofit 
organization, CENSORED, and to open the boxes to see if they contained pinholes. If so, 
they were to sound the alarm by contacting the local Compliance Officer. So, another attack 
on pinholes had begun.  
We took our protests to Jeff Shuren, head of the FDA's Center for Devices and 
Radiological Health (CDRH) and to his boss, FDA Commissioner Margaret Hamburg. We 
never got a reply from them. They remained in seclusion and let their underlings fabricate all 
kinds of lies to try to get rid of us. They said we had made ridiculous health claims such as 
"pinholes can prevent cataracts" and "pinholes can prevent macular degeneration", which we 
would never think of doing. Did Hamburg wake up one day and think, "Let's get those 
harmful pinholes off the market once and for all?" Obviously not. The optical industry had 
again exerted its influence and the FDA folded to their pressure.  
The result was that all 7200 pinholes in both shipments were destroyed. All the effort 
made by Chinese workers to produce these useful devices was wasted. The work and fuel 
used by the airline to bring them here was wasted. And we lost tens of thousands of dollars. 
Of course, this didn't bother the bureaucrats at the CDRH. After wasting two months trying to 
get some sensible information out of these people, further money had to be spent to hire an 
attorney in June, 2012 to deal with the FDA. All this wasted money could no longer be used 
to further our charitable goal of assisting children in need. It was just a sickening waste of 
money and a lot of headaches for everyone.  
Only after the expenditure of considerable money for legal fees were we able to get 
the FDA to stop lying and abide by its own regulations. We found out that if we claimed that 
pinholes were useful only as sunglasses, and nothing else, we could once again import and 
sell them. So why didn't the FDA contact us with this request in the beginning so we could 
change the website wording? We could have done this in one day. But that was not the FDA's 
agenda. They wanted to ban the sale of pinholes completely and also strike a blow at our 
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nonprofit organization which is critical of the optical industry in general. They could kill two 
birds with one stone, so to speak.  
There are numerous Internet sources of pinhole glasses where false statements are 
made, such as "Use pinholes 15 minutes per day and improve your vision" or "Improve your 
vision by exercising your eyes with pinholes." Why didn't the FDA go after these companies? 
Instead, they tried to shut US down because the optical industry does not like we say 
elsewhere about how they exploit the public.  
It was in February, 1998 that the law was changed to allow pinholes to be sold freely 
as sunglasses only. No other uses can be discussed by anyone who wishes to sell them. To 
see the convoluted regulations the FDA has come up with just to regulate sunglasses, go 
to Sunglass Regulations,  
No other country in the world bans pinhole sales. Pinholes have been around for 
decades. Note the US Patent from 1934 for pinhole glasses. By granting the patent, the US 
government accepted the term "lensless spectacles." Legally and scientifically, these are not 
lenses at all but "opaque perforated discs." A lens is a transparent substance upon which you 
can grind a refractive power. Pinholes are not medical devices. They are no different than 
looking through holes punched in a piece of paper or through binoculars.  
Here is a simple experiment you can try. Take off any glasses you may be wearing 
and put on a pair of pinhole glasses. You will probably see differently through them than you 
do without glasses. Now put your regular glasses back on. Do you feel you have undergone 
any medical treatment? Did those pinholes treat or improve your vision problem? Of course 
not. No one would make that claim. The same thing applies if you look through binoculars. 
They may improve your vision while you use them, but no one claims they have a medical 
purpose. And the same thing is true if you use a magnifying glass. Pinholes are even further 
removed from being a medical device than binoculars or a magnifying glass because these 
devices have lenses with a power ground on them. Pinholes are nothing more than holes 
through plastic. You could make them at home by punching some holes through cardboard 
and inserting the cardboard into a frame. Yet there are no restrictions on the sale of these 
devices. That is because they are not a threat to the profits of the eye "care" business the way 
that pinholes are.  
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…  
The FDA was a scientific agency when it was formed long ago, and it was given the 
task of protecting the public from harm caused by the greedy business world. Now it is a 
political organization protecting the business world from anything that would decrease 
profits. The FDA has truly lost its way. But let's put the blame where it belongs. The FDA 
does not have a free hand to serve the public. It is controlled by vested interests. Until the 
public throws the lobbyists out of Washington, this situation will continue.  
…  
We want to make it clear that any effort by anyone to prevent the legitimate use of 
these harmless pinhole glasses will be met with the strongest possible resistance, both in the 
courtroom and in the public forum. Any such attempt will be widely reported on the Internet. 
We will charge the FDA with criminally conspiring with the eye doctors and the optical 
industry in order to destroy the pinhole business. No one is going to succeed in suppressing 
these useful devices any longer. This is an old idea whose time has finally come. Pinhole 
glasses have been around far longer than prescription eyeglasses and centuries before the 
FDA started to regulate medical devices. They are, in fact, not medical devices.  
 
 
 
 
